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MAGNETIC  SUSCEPTIBILITY  AND  IRON  CONTENT  OF 
CAST  RED  BRASS. 

By  L.  H.  Marshall  x  and  R.  L.  Sanford. 


ABSTRACT. 

The  presence  of  iron  in  commercial  brass  is  often  objectionable,  particularly  if  it 
occurs  as  discrete,  poorly  alloyed  particles.  In  order  to  obviate  any  such  harmful 
effects,  a  very  low  ferrous  content  is  frequently  specified.  Therefore,  a  rapid,  non- 
destructive method  for  quantitatively  determining  its  presence  would  be  of  great 
value  in  practice.  A  magnetic  method  of  inspection  would  fulfill  the  requirements 
of  such  a  test  if  a  definite  relationship  exists  between  some  magnetic  property  and  the 
iron  content  of  the  metal. 

With  these  facts  in  mind  a  study  was  made  of  the  magnetic  characteristics  of  a 
series  of  specially  prepared  samples  of  tin-red  brass.2  The  composition  of  these 
specimens  was  quite  uniform  except  for  the  intentional  variation  in  iron  content 
from  about  o  to  0.75  per  cent.  Magnetic  properties  were  determined  in  the  cast 
condition  and  after  annealing  15  minutes  at  6250  C,  8  hours  at  8oo°  C,  and  16  hours 
at8oo°  C. 

Microscopic  examination  indicated  that  less  than  0.14  per  cent  iron  went  into  solid 
solution  in  the  matrix  of  the  alloy,  as  this  amount,  or  more,  caused  the  appearance  of 
an  iron-rich  constituent.  These  ferrous  aggregates  occurred  as  pale,  rounded  areas, 
which  were  apparently  unaffected  by  the  annealing  treatments  mentioned  above. 
It  was  possible  to  estimate  roughly  the  per  cent  of  iron  present  from  the  number  and 
size  of  these  areas.  The  iron  content  had  no  noticeable  effect  on  the  grain  size  of  the 
brass. 

The  results  showed  that  (a)  the  magnetic  properties  are  not  a  precise  index  of  the 
iron  content  of  the  cast  metal;  (b)  the  magnetic  susceptibility  is  markedly  affected 
by  changes  in  physical  condition  produced  by  heat  treatment;  (c)  even  after  the  mate- 
rial has  been  thoroughly  annealed,  there  is  still  no  simple  relationship  between  the 
magnetic  susceptibility  and  the  iron  content. 
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I.  INTRODUCTION. 

The  presence  of  iron  in  brass  is  usually  objectionable  for  at  least 
two  reasons.  First,  it  ordinarily  replaces  a  much  more  expensive 
metal  and  so,  merely  from  a  consideration  of  the  scrap  value  of 
the  alloy,  should  be  kept  as  low  as  possible.  Second,  the  physical 
properties  of  such  material  are  noticeably,  and  in  many  instances, 
adversely,  affected  by  the  presence  of  even  small  amounts  of  iron. 
Sometimes  iron  is  intentionally  added  to  brass  because  the  increase 
in  hardness  and  tensile  strength  it  produces  is  beneficial  in  certain 
special  cases.  Such  alloys  are  not  in  general  use  in  this  country, 
however,  and  their  production  requires  careful  supervision  and 
treatment.  The  usual  practice,  therefore,  is  to  obviate  any 
possible  ill  effects  from  the  presence  of  iron  by  specifying  a  low 
ferrous  content.  Iron  has  a  particularly  harmful  influence  on  the 
machining  qualities  of  brass,  especially  when  the  ferrous  metal 
is  not  well  disseminated  throughout  the  mass.  In  practice 
poorly  diffused  iron  sometimes  occurs  in  brass  and  bronze  castings 
due,  in  spite  of  the  use  of  a  magnetic  separator,  to  the  inadvertent 
presence  of  core  pins,  nails,  iron  turnings,  or  similar  materials  in 
the  scrap  metal  employed  in  the  melt.  Such  inclusions  naturally 
cause  trouble  in  machining.  A  nondestructive  method  for  rapidly 
and  accurately  determining  the  proportion  of  iron  contained  as 
an  impurity  in  cast  brass  would  be,  therefore,  of  considerable 
value  in  the  industry.  With  this  in  mind  a  study  was  made,  in 
cooperation  with  the  Ohio  Brass  Co.,  of  the  magnetic  properties 
of  a  series  of  samples  of  tin-red  brass  contaminated  with  iron. 

The  literature  seems  to  be  almost  silent  on  this  particular 
problem,  most  of  the  investigative  work  having  been  done  either 
on  iron-rich  alloys,  or  else  on  metals  of  the  Heusler  type.  Some 
data  are  available,  however,  on  the  magnetic  properties  of  binary 
copper  alloys  containing  no  iron  3  and  on  high  zinc  brass  con- 
taminated with  minute  quantities  of  iron.4  This  information 
may  be  summarized  for  the  present  purpose,  however,  by  the 
statement  that  the  copper-rich  brasses  and  bronzes,  free  from  iron, 
are  diamagnetic  while  the  50-50  copper-zinc  alloy  becomes  para- 
magnetic when  0.023  per  cent,  or  more,  of  iron  is  present. 

3  A.  S.  Smith,  Jour.  Franklin  Inst..  192,  pp.  69.  157;  1921. 

4  K.  Overbeck,  Annalen  der  Physik,  351,  p.  677;  1915. 
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II.  MATERIAL. 


The  alloy  used  in  this  investigation  was  of  the  type  82  copper, 
15  zinc,  and  3  tin.  A  special  series  of  samples  was  made  up  in 
which  the  composition,  as  far  as  the  nonferrous  constituents  were 
concerned,  was  maintained  as  uniform  as  possible,  while  the  iron 
content  ranged  from  scarcely  more  than  a  trace  up  to  0.75  per  cent. 
The  copper,  zinc,  and  tin  used  were  good  commercial  grades. 

The  metal  was  cast  horizontally  into  bars,  37  cm  (15  inches) 
long  and  1.9  cm  (three-fourths  inch)  in  diameter  by  the  Ohio 
Brass  Co.  The  procedure  followed  was  to  melt  the  electrolytic 
copper  in  a  crucible  then  add  the  tin  and  zinc.  When  this  metal 
was  ready  to  pour  the  iron  was  introduced  as  cast-iron  turnings, 
average  fineness  54.3;  mixed  with  ammonium  chloride.  Four 
bars  from  each  alloy  were  cast  in  the  same  mold  and  from  the 
same  gate.  One  bar  from  each  mold  was  then  turned  down  to 
r.2  cm  (0.5  inch)  in  diameter  and  two  specimens  about  15  cm 
(6  inches)  in  length  were  cut  from  it. 

A  charge  of  between  50  and  100  pounds  of  metal  was  used  for 
each  pouring  and  consisted  of  copper,  80.8;  zinc,  16.2;  and  tin, 
3.0  per  cent  by  weight.  The  excess  zinc  was  added  to  take  care 
of  the  usual  small  loss  of  this  metal  by  volatilization.  About  40 
minutes'  heating  was  required  to  melt  the  metal  and  get  the  alloy 
ready  for  pouring  at  about  11000  C.  Chemical  analysis  showed 
that  the  following  results  were  obtained: 

TABLE  1. — Iron  Content  of  Specimens. 
[Analysis  by  J.  A.  Scherrer,  associate  chemist,  Bureau  of  Standards.] 


Specimen. 

Iron  content. 

Specimen. 

Iron  content. 

1 

Per  cent. 
0.010 
.065 

.132 
.141 

5 

Per  cent. 

0  137 

2 

6 

.75 

3 

7 

.35 

4 

A  quantitative,  chemical  determination  of  the  nonferrous  con- 
stituents gave  the  following  averages:  Copper,  82.1;  tin,  2.89; 
lead,  0.07;  and  zinc  (by  difference),  14.7  per  cent.  The  greatest 
divergence  from  these  figures  was  a  value  of  15.4  per  cent  for  the 
zinc  content  of  one  specimen,  a  variation  of  only  0.7  per  cent  from 
the  mean,  so  that  the  composition  of  the  base  alloy  of  the  various 
bars  was  uniform  to  a  satisfactory  degree.  If  manganese  were 
present  in  any  instance,  it  might  possibly  produce  a  combination 
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having  magnetic  properties  similar  to  those  of  the  Heusler  alloys. 
Qualitative  tests,  however,  showed  no  trace  of  manganese  in  any 
of  the  samples.  The  ferrous  content  was  verified  in  every  instance 
by  making  another  determination  on  metal  from  a  different  part 
of  the  specimen.  Microscopic  examination  indicated  that  the 
iron  present  had  alloyed  with  the  nonferrous  matrix  to  form  about 
as  intimate  a  mixture  as  possible  in  each  case.  The  results  from 
these  specimens,  therefore,  were  not  complicated  by  the  presence 
of  unalloyed  particles  of  iron. 

III.  APPARATUS. 

The  specimens  were  magnetized  in  a  solenoid  50  cm  (20  inches) 
long.  The  concentration  of  the  winding  was  such  that  the  nu- 
merical value  of  the  magnetizing  force  within  the  middle  portion 
of  the  solenoid  was  approximately  100  times  that  of  the  current 
in  amperes.  The  test  coil  of  1200  turns  was  wound  on  a  brass 
form  and  extended  over  about  two-thirds  of  the  specimen.  The 
readings  of  magnetic  induction  were  taken  by  means  of  a  bal- 
listic galvanometer. 

On  account  of  the  low  susceptibility  of  the  brass  bars  it  was 
necessary  to  balance  out  the  magnetizing  force  in  order  to  attain 
a  reasonable  degree  of  accuracy  in  the  measurements.  This  was 
done  by  connecting  the  primary  of  a  variable  mutual  inductance 
in  series  with  the  magnetizing  coil  while  the  secondary  was  con- 
nected in  series  opposition  with  the  test  coil.  A  diagram  of  con- 
nections is  given  in  Figure  1 .  A  storage  battery,  E,  furnished  the 
magnetizing  current,  which  was  regulated  by  the  resistance  R  and 
measured  with  an  ammeter  A.  The  reversing  switch,  C,  served 
to  reverse  the  direction  of  the  magnetizing  current  when  taking  a 
ballistic  deflection.  S  is  the  magnetizing  solenoid,  with  the  test 
coil  TC,  and  M  is  the  variable  mutual  inductance.  The  sensitivity 
of  the  galvanometer,  G,  was  controlled  by  means  of  the  series  and 
parallel  resistances,  RS  and  RP.  As  all  of  the  coils  were  wound 
on  brass  forms,  eddy  currents  were  found  to  be  troublesome, 
giving  a  double  kick  upon  reversal  of  the  magnetizing  current. 
In  order  to  obviate  this  difficulty  the  magnetizing  solenoid  was 
surrounded  with  another  coil  D,  which  was  short-circuited  through 
a  resistance.  This  resistance  could  be  so  adjusted  as  to  eliminate 
the  double  kick. 

The  form  upon  which  the  test  coil  was  wound  was  apparently 
very  slightly  magnetic  and  consequently  it  was  necessary  to  read- 


Marshall! 
Sanford  J 


Magnetic  Susceptibility  of  Brass. 


just  the  mutual  inductance  for  each  value  of  magnetizing  current 
used.  The  procedure  was  as  follows:  First  adjust  M  and  D  till 
upon  reversal  of  the  magnetizing  current  there  is  no  deflection  of 
the  ballistic  galvanometer.  Then  insert  the  specimen  and  note 
the  deflection  upon  reversal  of  the  current.  The  deflection  is 
proportional  to  B-H.  The  galvanometer  was  calibrated  by  means 
of  the  mutual  inductance  in  the  usual  way,  the  connections  being 
changed  so  that  the  calibrating  current  did  not  flow  through  the 
magnetizing  solenoid. 


I — 0 


Fig.  i. — Diagram  of  connections  for  apparatus  for  the  magnetic  testing  of  brass  bars 

IV.  OBSERVATIONS  AND  RESULTS. 

The  specimens  described  above  were  tested,  as  cast,  with  10 
different  values  of  magnetizing  force,  varying  from  25  to  500  gil- 
berts per  centimeter.  The  use  of  stronger  fields  was  impossible 
because  of  the  heating  of  the  coils.  Samples  of  the  copper  and 
zinc  used  in  preparing  the  specimens  were  also  tested,  but  neither 
they  nor  the  brass  bars  to  which  no  iron  had  been  intentionally 
added  (specimen  1),  gave  any  readable  deflection;  so  that  the 
method  employed,  although  it  would  detect  susceptibilities  as 
low  as  4  x  io-8,  did  not  indicate  paramagnetism  in  these  substances. 
In  the  preliminary  runs  all  of  the  samples  were  tried  out,  but  the 
duplicate  specimens  from  the  same  bar  agreed  so  well  that  it  was 
considered  sufficient,  in  general,  to  test  only  one  sample  from  each 
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bar.  After  measurements  were  made  on  the  specimens  in  the 
cast  condition,  they  were  annealed;  first  for  15  minutes  at  625 °  C, 
then  for  8  hours  at  8oo°  C,  and  finally  for  8  hours  more  at  8oo°  C, 
and  cooled  slowly  with  the  furnace  each  time.  In  the  cast  con- 
dition the  samples  apparently  were  quite  uniform  from  one  end 
to  the  other.  After  the  first  8 -hour  anneal,  however,  samples  2, 
5,  and  7  developed  a  small  difference  in  susceptibility  between  the 
two  ends  of  the  bar.  This  divergence  persisted  after  reannealing. 
Sample  2  showed  the  greatest  variation,  having  a  difference  in 
susceptibility  at  the  two  ends  of  about  15  per  cent. 

The  accompanying  graphs  present  the  results  obtained.  Figure 
2  shows  the  relation  between  B-H  and  H  for  the  alloys  in  the 
cast  state.  H  is  the  magnetizing  force  in  gilberts  per  cm,  while 
B-H  is  the  increase  in  flux  density  due  to  the  brass  (metallic 
induction),  and  is  expressed  in  gausses.  Figure  3  is  a  similar 
graph  of  the  results  obtained  after  annealing  the  specimens  for 
15  minutes  at  625 °  C.  Samples  2,  3,  and  7  are  noticeably  more 
magnetic  than  before.  Since  this  brief  heat  treatment  caused 
an  appreciable  change  in  some  of  the  specimens,  it  was  decided 
to  give  the  bars  a  more  prolonged  anneal.  Accordingly,  they  were 
loosely  packed  in  clean  white  sand  and  heated  to  8oo°  C.  for  8 
hours,  after  which  the  results  shown  in  Figure  4  were  obtained. 
The  thin  black  scale  (averaging  0.04  mm  (0.0015  inch)  thick), 
probably  cupric  oxide,  which  then  covered  them  was  removed 
by  lightly  sand  blasting.  With  the  exception  of  numbers  2  and  3 
the  specimens  were  all  markedly  affected  by  this  thermal  treat- 
ment. As  a  further  heating  might  produce  yet  other  changes 
in  the  magnetic  characteristics,  a  second  8-hour  anneal  at  8oo°  C. 
was  given  them.  There  was  no  material  change  produced, 
however,  and  the  results  are  not  shown. 

V.  MICROSTRUCTURE. 

Since  the  condition  in  which  the  iron  existed  in  the  specimens 
would  markedly  influence  the  magnetic  effects,  it  was  essential  to 
learn  as  much  as  possible  about  the  constitution  of  the  brass 
tested.  The  accompanying  photographs  are  all  of  specimens 
taken  from  sample  6,  but  sections  of  all  the  other  specimens  were 
examined  as  well.  Figure  5  (a)  shows  the  alloy  as  cast.  The 
usual  dendritic  structure  of  cast  metal  of  this  type  is  the  only 
noticeable  feature.  Figure  5  (6)  represents  the  appearance  after 
annealing  for  8  hours  at  8oo°  C.  The  original  cored  structure  has 
almost  disappeared,  showing  that  the  matrix  of  the  metal  has 
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Fig.  2. — The  variation  of  flux  density  with  magnetizing  force  for  specimens  as  cast 
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FlG.  3. — The  variation  of  flux  density  with  magnetizing  force  for  specimens  after  annealing 
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Fig.  4. — The  variation  of  flux  density  with  magnetizing  force  for  specimens  after  annealing 
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become  much  more  uniform  in  composition.  A  very  thin  outside 
layer  (not  shown  in  the  picture),  in  general  less  than  0.25  mm 
(0.0 1  inch)  thick,  recrystallized  into  small  polygonal  grains 
similar  to  those  formed  in  worked  and  annealed  alpha  brass. 
This  behavior  was  due  to  the  straining  of  the  outer  skin  of  metal 
by  the  cutting  tool  in  turning  the  specimens  to  size.  Further 
annealing  did  not  change  the  structure  appreciably.  All  of  the 
samples  contained  the  numerous  dark  areas  frequently  attenuated 
into  mere  lines,  noticeable  in  this  view  (Fig.  5  (6)).  These  defects 
are  due  to  oxide  inclusions,  shrinkage  cavities,  or  gas  evolution 
during  the  freezing  of  the  metal.  At  this  low  magnification  (50 
diameters)  no  trace  of  iron  was  found. 

Figure  5  (c)  shows  the  structure  of  the  cast  sample  as  seen  at  a 
magnification  of  500  diameters.  The  light  area  inclosed  in  the 
circle  is  an  iron  segregation,  while  the  other  light-colored,  irregular 
shaped  areas  are  the  eutectoid  resulting  from  the  interaction  of 
copper  and  tin.  There  is  no  great  difficulty  in  distinguishing 
between  these  two  constituents,  since  the  ferrous  aggregates  are  a 
somewhat  darker  shade  of  gray  and,  unlike  the  eutectoid,  are 
sharply  outlined  in  the  unetched  samples.  Some  minute  zinc  oxide 
inclusions 5  were  visible  in  each  of  the  specimens  before  etching. 
They  were  darker  in  color  than  the  iron  segregations,  however,  and 
were  frequently  associated  with  cavities. 

The  information  available  in  the  literature  as  to  the  mode  of 
occurrence  of  iron  in  brass  and  bronze  is  not  very  extensive.  It 
is  known,  however,  that  a  certain  small  amount,  0.35  per  cent  in 
70-30  brass,6  goes  into  solid  solution  in  the  matrix  of  the  metal. 
When  present  in  larger  quantities  than  this,  pale,  rounded  areas 
of  an  iron-rich  constituent  make  their  appearance.  Iron,  as  an 
impurity  in  gun  metal  (88  copper,  10  tin,  2  zinc) ,  is  said  to  combine 
with  tin  and  separate  out  in  hard  masses,7  even  as  little  as  0.11 
per  cent  iron  making  itself  known  in  this  way.8  In  the  present 
investigation  iron-rich  areas,  frequently  almost  circular  in  shape, 
were  observed  only  in  those  samples  containing  0.137  Per  cent 
or  more  of  iron.  These  ferrous  segregations  were  quite  uniformly 
distributed  over  the  cross  section  of  the  specimen,  and  since  the 
number  and  size  of  these  areas  increased  proportionately  with  the 
iron  content,  it  was  possible  to  estimate  roughly  the  per  cent  of 
iron  present  from  the  microscopic  examination. 

6  Comstock,  Jour.  Am.  Inst,  of  Metals,  12,  p.  5, 1918;  or  Foundry,  47,  p.  79,  1919. 

6  Smalley,  Metal  Industry  (London),  17,  p.  421;    1920. 

'  Dewrance,  Journ.  Inst,  of  Metals  (British),  11,  p.  214;  1914. 

8  Primrose,  Metal  Industry  (London),  12,  p.  437;  1918. 
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Fig.   5. — Microstructure  of  specimen  6  (0.75  per  cent  iron)  after 
etching -with  ammonium  hydroxide  plus  hydrogen  peroxide. 

The  cored  structure  of  the  cast  metal  largely  disappears  on  annealing.  At 
the  higher  magnification  the  iron  segregation,  inclosed  in  a  circle,  and  the  other 
light  irregular-shaped  areas,  due  to  the  eutectoid,  can  be  distinguished. 
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After  annealing  for  8  hours  at  8oo°  C.  the  eutectoid  almost 
entirely  disappeared  but  the  iron-rich  constituent  was  not  notice- 
ably affected.  In  fact,  a  sample  of  the  brass  containing  0.75  per 
cent  iron  was  heated  to  qoo°C,  held  there  30  minutes,  and  quenched 
in  water  without  any  appreciable  influence  on  the  ferrous  aggre- 
gate. On  the  other  hand,  when  a  similar  sample  was  heated 
to  9500  C.  and  quenched,  the  iron-rich  areas  disappeared.  They 
made  their  appearance  again,  however,  on  reheating  to  the  same 
temperature  and  cooling  slowly.  From  this  behavior  it  may  be 
seen  that  these  areas  do,  indeed,  represent  an  iron-rich  constit- 
uent and  not  simply  particles  of  undissolved  iron.  These  ferrous 
areas  were  identified  in  a  specimen  which  contained  only  0.137 
per  cent  iron  and  had  been  heated  to  9500  C.  and  very  slowly 
cooled.  The  solubility  of  iron  in  this  type  of  brass  is,  therefore, 
less  than  0.14  per  cent. 

As  a  result  of  some  experimental  work  on  brasses  containing 
iron  Smalley 9  concluded  that  the  presence  of  small  amounts  of 
iron  produces  a  finer  grain  size  in  alpha  brass,  both  in  the  cast 
condition  and  after  it  has  been  worked  and  annealed.  A  careful 
examination  of  the  present  series  of  specimens,  however,  failed  to 
reveal  any  definite  difference  in  crystal  size  that  could  be  at- 
tributed to  the  variation  in  iron  content.  The  metal  of  bar  3, 
at  the  end  farthest  from  the  pouring  gate  and,  therefore,  more 
quickly  cooled  than  the  rest  of  the  specimen,  was  finely  crystal- 
line in  structure.  The  end  near  the  gate,  nevertheless,  contained 
the  usual  coarse  dendrites.  Bar  3  was  poured  at  10400  C,  or 
about  6o°  C.  below  the  average  casting  temperature  of  these 
specimens,  so  that  this  low  temperature,  coupled  with  the  chill- 
ing effect  encountered  at  the  outer  end  of  the  bar,  may  reasonably 
be  accepted  as  the  real  cause  of  the  formation  of  the  small  crys- 
tals. This  variation  in  grain  size  did  not  result  in  any  marked 
difference  in  the  magnetic  properties  of  the  two  ends  of  the 
specimen. 

VI.  DISCUSSION. 

An  examination  of  the  data  presented  graphically  above  reveals 
several  interesting  points.  For  instance,  Figure  3  shows  that  the 
magnetic  susceptibility  of  the  cast  metal  does  not  vary  directly 
with  the  iron  content.  Not  only  do  the  curves  from  the  samples  of 
high  and  low  ferrous  content  seem  to  be  indiscriminately  mixed, 
but  their  slopes  also  vary,  frequently  causing  them  to  cross  each 

8  See  footnote  6. 
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other.  Then  Figures  3  and  4  show  that  the  magnetic  properties 
of  the  specimens  are  markedly  affected  by  the  changes  in  physical 
condition  as  influenced  by  heat  treatment.  Concrete  evidence 
of  this  fact  is  furnished  by  the  change  in  numbers  2  and  3  in  the 
1 5 -minute  anneal  and  the  general  shift  in  the  characteristics  of 
almost  all  the  samples  in  the  subsequent  8-hour  anneal.  Yet  it  is 
evident  from  Figure  4  that,  even  after  this  prolonged  heating,  the 
susceptibility  can  not  be  taken  as  an  index  of  the  iron  content. 

Figure  6,  in  which  the  magnetic  susceptibility  is  plotted  against 
iron  content,  distinctly  shows  their  lack  of  correlation.  In  the 
cast  condition,  particularly,  there  seems  to  be  no  direct  relation- 


09 

06 

e 
a 

c 
• 
a 

C 

<£ 

f 

1 

1 
I 

/ 
/ 

1 

1 

/ 

_£nnealed_8_Hi: 

■ 

•*» — 

oz 

At  Cast 

-N.    ^ 

t 

4 

I 

t 

S          Kl<?          i 

, 

/ 

1                                                           It 

Fig.  6. — The  variation  of  magnetic  susceptibility  with  iron  content  H=300 

ship.  The  determined  points  approach  a  smooth  curve  much 
more  closely,  however,  after  the  specimens  have  been  annealed 
for  8  hours.  Besides  this,  the  break  in  the  curve  at  0.14  per  cent 
iron  coincides  with  the  initial  appearance  of  the  iron-rich  constit- 
uent in  the  structure  of  the  metal.  The  microscopic  examination 
indicated  that  up  to  0.14  per  cent  the  iron  occurred  as  a  solid  solu- 
tion in  the  matrix  of  the  alloy,  but  with  higher  ferrous  content 
iron-rich  aggregates  were  also  present.  The  absence  of  a  direct 
relationship  between  iron  content  and  magnetic  properties  is  not 
difficult  to  account  for  in  view  of  the  two  conditions  thus  shown  to 
exist.     The  mere  difference  in  the  mode  of  distribution  of  the  iron 
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would  account  for  wide  variations  in  the  observed  values  of  mag- 
netic susceptibility  even  though  the  iron  had  intrinsically  identical 
magnetic  properties  in  the  two  cases.  This  is  due  to  the  unequal 
self -demagnetizing  effect  of  ferrous  aggregates  of  different  dimen- 
sions. The  presence  of  unalloyed  iron  particles  would  complicate 
matters  still  further.  The  apparent  discontinuity  at  o.  14  per  cent 
iron  can  probably  be  traced  to  the  appearance  of  the  iron-rich 
constituent  previously  described. 

From  the  above  considerations  an  explanation  of  the  seeming 
vagaries  of  the  two  curves  of  Figure  6  can  be  offered.  The 
points  determined  for  the  cast  metal  did  not  lie  on  a  smooth 
curve,  because  the  metal  in  this  case  was  not  representative  of 
equilibrium  conditions  since  the  relatively  rapid  rate  of  cooling 
from  the  casting  temperature  did  not  permit  a  uniform  distribu- 
tion of  the  constituents  of  the  alloy.  This  lack  of  homogeneity 
resulted  in  abnormal  magnetic  properties.  The  graph  of  the 
susceptibility  of  the  annealed  samples,  on  the  other  hand,  may  be 
considered  as  being  made  up  of  two  fairly  smooth  curves.  The 
first,  extending  from  o  to  0.14  per  cent  iron,  obtains  for  the  condi- 
tion that  the  ferrous  impurity  is  all  in  solid  solution.  The  second, 
for  iron  contents  of  0.14  per  cent  or  more,  applies  to  those  cases 
where  the  iron-rich  constituent  is  present.  While  it  is  recognized 
that  more  extensive  data  are  necessary  to  really  prove  this  matter 
of  a  double  curve  for  the  annealed  metal,  such  work  was  felt  to  be 
outside  the  scope  of  the  present  investigation  which  was  primarily 
concerned  with  cast  brass. 

One  interesting  point  to  be  noted  is  the  change  in  curvature 
of  the  graphs  for  bar  No.  7.  It  is  seen  that  in  Figure  2,  for  the 
cast  condition,  the  curve  for  this  specimen  is  convex  upward; 
while  the  graph  for  the  same  sample  after  the  8 -hour  anneal 
(Fig.  4)  is  convex  downward.  In  the  first  case,  therefore,  the 
susceptibility  decreases  with  increasing  values  of  magnetizing 
force,  but  in  the  second  case  it  increases. 

The  iron  present  in  the  alloys  examined  is  undoubtedly  the 
cause  of  the  observed  magnetic  properties  since  a  qualitative 
test  for  manganese,  which  is  the  essential  constituent  of  the 
nonferrous  magnetic  alloys,  failed  to  indicate  a  trace  of  this 
element.  In  addition  to  this  fact,  the  iron-free  samples  were 
not  sufficiently  magnetic  to  evidence  a  susceptibility  that  could 
be  measured  with  the  apparatus  employed.  For  iron  contents 
of  0.06  per  cent  or  more,  however,  an  indication  was  always 
obtained. 
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VII.  SUMMARY. 

The  presence  of  iron  in  commercial  brass  is  often  objectionable, 
particularly  if  it  occurs  as  discrete,  poorly  alloyed  particles.  In 
order  to  obviate  any  such  harmful  effects,  a  very  low  ferrous 
content  is  frequently  specified.  Therefore,  a  rapid,  nondestruc- 
tive method  for  quantitatively  determining  its  presence  would 
be  of  great  value  in  practice.  A  magnetic  method  of  inspection 
would  fulfill  the  requirements  of  such  a  test  if  a  definite  relation- 
ship exists  between  some  magnetic  property  and  the  iron  content 
of  the  metal.  With  these  facts  in  mind  a  study  was  made  of 
the  magnetic  characteristics  of  cast,  tin-red  brass  contaminated 
with  iron. 

A  series  of  samples  was  prepared  containing  various  small 
proportions  of  iron  up  to  0.75  per  cent.  A  small  quantity,  less 
than  0.14  per  cent,  of  the  iron  went  into  solid  solution,  but  when 
amounts  greater  than  this  were  present,  an  iron-rich  constituent 
made  its  appearance  as  pale,  rounded  areas.  The  iron  content 
had  no  noticeable  effect  on  the  grain  size  of  the  brass. 

Magnetic  properties  were  determined  in  the  cast  condition 
and  after  being  annealed  15  minutes  at  6250  C,  8  hours  at  8oo° 
C,  and  16  hours  at  8oo°  C. 

From  the  results  of  this  investigation  the  following  conclusions 
seem  to  be  warranted : 

1.  The  magnetic  properties  are  not  a  precise  index  of  the  iron 
content  of  the  cast  metal. 

2.  The  magnetic  susceptibility  is  markedly  affected  by  changes 
in  physical  condition   produced  by  heat  treatment. 

3.  After  the  material  has  been  thoroughly  annealed  there  is 
still  no  simple  relationship  between  the  magnetic  susceptibility 
and  the  iron  content. 

Washington,  June  15,  1922. 


RELATIVE  USEFULNESS  OF  GASES  OF  DIFFERENT 
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GRAVITY. 
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G.  B.  Shawn. 


ABSTRACT. 

In  connection  with  an  investigation  conducted  by  the  Public  Service  Commission 
of  Maryland  to  determine  the  most  economic  heating  value  standard  for  manufactured 
gas  in  the  city  of  Baltimore,  the  Bureau  of  Standards  conducted  an  extensive  series 
of  laboratory  tests  to  determine  primarily:  (i)  The  relative  utilization  efficiency  of 
gases  of  different  heating  value;  (2)  the  extent  to  which  present  appliances  can  be 
adapted  to  give  good  and  efficient  service  with  gases  of  different  heating  value  and 
composition;  and  (3)  what  adjustment  in  appliances  is  necessary  to  give  the  consumers 
good  and  efficient  service  when  different  kinds  of  gases  are  mixed  and  there  is  a  varia- 
tion in  the  composition,  heating  value,  and  the  specific  gravity  of  the  gas. 

The  laboratory  tests  of  gases  varying  in  heating  value  from  300  to  600  B.  t.  u./ft.3 
indicated  that  the  usefulness  for  top  burner  cooking  is  dependent  almost  wholly  upon  the 
total  heating  value  per  cubic  foot. 

Some  change  in  size  of  orifice  and  air-shutter  adjustment  of  burners  is  necessary  to 
secure  the  best  service  when  a  material  change  is  made  in  heating  value.  Most 
existing  burners  can  be  readily  adjusted  to  give  good  service  with  heating  values  as 
low  as  450  B.  t.  u./ft.3  without  alterations  of  the  burners. 

Uniformity  in  heating  value,  specific  gravity,  and  pressure  are  essential  for  the  very 
best  service,  yet  it  is  practicable  to  adjust  burners  to  give  satisfactory  service  in  cities 
where  different  gases  are  mixed  and  there  is  considerable  variation  in  the  heating 
value  or  specific  gravity. 
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water  to  boiling,  calculated  efficiency  of  heating,  and  the  condition  of 
good  adjustment  for  two  types  of  burners 
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I.  INTRODUCTION. 
1.  PURPOSE  OF  INVESTIGATION. 

Reductions  in  heating  value  standards  in  many  of  our  cities 
within  the  past  two  or  three  years  are  claimed  to  have  brought 
about  material  savings  in  the  cost  of  manufacture  of  gas  and  lower 
prices  to  the  consumer  than  if  the  former  standards  had  been 
continued.  However,  the  reductions  in  standards  have  not 
always  been  brought  about  without  some  complaint  from  the  con- 
sumers that  the  service  was  inferior  and  the  total  cost  greater 
with  a  lower-heating  value  gas  than  with  a  gas  of  higher-heating 
value. 

The  Public  Service  Commission  of  Maryland  has  undertaken  to 
investigate  this  matter  very  fully,  with  a  view  of  determining  the 
most  economic  and  satisfactory  heating-value  standard  for  the 
city  of  Baltimore.  In  connection  with  this  investigation  the  com- 
mission requested  the  Bureau  of  Standards  to  make  laboratory 
tests  to  determine  the  relative  efficiency  of  gases  of  different 
heating  value  and  the  adaptability  of  existing  appliances  for  gases 
differing  in  heating  value  and  composition. 

While  the  effort  was  made  to  have  the  tests  of  the  relative 
efficiency  of  gases  of  different  heating  value  as  practical  as  possible, 
it  should  be  appreciated  that  it  is  exceedingly  difficult  to  obtain 
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conditions  in  the  laboratory  exactly  comparable  with  those  of  the 
average  consumer's  home.  Waste  of  gas  is  naturally  eliminated 
in  laboratory  tests.  A  definite  size  of  cooking  vessel  must  be  used 
in  order  to  obtain  comparable  results  which  have  any  value.  The 
utensils  are  clean  and  in  good  condition,  as  is  also  the  stove. 
Finally,  the  tests  are  necessarily  limited  to  the  heating  of  water  on 
top  burners;  and  while  this  gives  an  exceedingly  valuable  indi- 
cation, it  is  not  necessarily  a  conclusive  proof  of  the  relative  quan- 
tities of  gas  of  different  qualities  which  will  be  used  by  the  con- 
consumers.  In  fact,  the  actual  data  on  change  of  consumption  of 
gas  where  change  in  calorific  value  has  been  made  do  not  give 
results  agreeing  exactly  with  conclusions  which  might  be  drawn 
from  laboratory  tests.  Due  weight  should  be  given  to  this  prac- 
tical data  in  drawing  any  final  conclusions. 

The  question  of  the  relative  utilization  efficiency  of  gases  of 
different  heating  values  has  been  under  consideration  for  several 
years,  both  in  England  and  in  this  country.  Exhaustive  labo- 
ratory tests  have  been  conducted  on  this  subject  by  the  Gas  Inves- 
tigation Committee  of  the  British  Institution  of  Gas  Engineers 
and  the  Joint  Committee  on  Efficiency  and  Economy  of  Gas  of  the 
California  Railroad  Commission.1  Although  the  conclusions  from 
the  previous  laboratory  tests  have  been  generally  in  agreement,  it 
was  thought  highly  desirable  to  duplicate  some  of  the  tests  with 
the  gases  available  in  Baltimore  and  establish  carefully  the  condi- 
tions under  which  the  appliances  would  give  the  maximum  prac- 
tical efficiency  with  each  kind  of  gas. 

The  gas  engineering  section  of  the  Bureau  of  Standards  has 
been  conducting  tests  of  manufactured  and  natural  gases  for 
several  years,  and  since  it  had  a  trained  personnel  and  special 
testing  equipment  for  studying  the  combustion  of  gases,  it  under- 
took to  make  the  required  laboratory  tests,  which  form  one  part 
of  the  commission's  investigation. 

In  this  report  the  bureau  gives  the  results  of  tests  which  show 
the  relative  efficiency  of  utilization  of  gases  of  different  heating 
values  and  composition.  The  results  show  also  the  pressure 
required  to  operate  the  burners,  and  how  appliances  can  be 
adapted  and  adjusted  to  give  satisfactory  service  with  gases  of 
different  heating  value  and  specific  gravity.  The  data  showing 
how  to  adjust  appliances  to  give  good  service  where  the  relative 

1  Report  of  the  research  subcommittee  of  the  gas  investigation  committee  of  Institution  of  Gas  Engi- 
neers (England),  Gas  Journal,  Oct.  29,  1918;  Nov.  5,  1918.  Progress  report  of  Joint  Committee  on  Effi- 
ciency and  Economy  of  Gas  of  the  Railroad  Commission  of  the  State  of  California,  Gas  Age-Record, 
Nov.  12,  i92i;Nov.  19,  1921. 
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proportions  of  coal  or  coke-oven  gas  and  water  gas  vary  should 
have  considerable  practical  value  in  many  localities. 

Baltimore  is  supplied  at  the  present  time  with  gas  having  a 
heating  value  of  500  B.  t.  u./ft.3.  A  portion  of  the  gas  is  coke- 
oven  gas,  purchased  by  the  Consolidated  Gas,  Electric  Light  & 
Power  Co.  from  the  Sparrows  Point  plant  of  the  Bethlehem  Steel 
Co.  The  latter  company  is  a  commercial  concern  not  subject  to 
commission  regulation  and  sells  its  gas  merely  as  a  by-product. 
The  remainder  of  the  supply  is  water  gas,  manufactured  at  the 
Spring  Gardens  plant  of  the  Consolidated  Gas,  Electric  Light  & 
Power  Co.  The  standard  of  heating  value  in  Baltimore  was 
reduced  to  500  B.  t.  u.  in  June,  1920,  in  order  to  allow  the  eco- 
nomical distribution  of  the  coke-oven  gas,  which  has  normally  a 
heating  value  of  about  500  B.  t.  u. 

2.  SCOPE  OF  THE  LABORATORY  TESTS. 

The  laboratory  work  in  Baltimore  was  divided  into  three  parts, 
as  follows: 

( 1 )  The  first  series  consisted  of  numerous  practical  efficiency  tests 
made  with  10  different  kinds  of  gas  when  the  gas  rate  and  air  shutter 
were  adjusted  in  each  case  to  produce  a  good  flame.  These  tests 
were  made  on  two  different  ranges  and  the  results  show  the  effi- 
ciency, the  time  required,  and  cubic  feet  of  gas  used  to  bring  2 
quarts  of  water  to  boiling  from  an  initial  temperature  of  8o°  F. 

In  order  to  gather  information  on  the  composition  of  the  com- 
bustible mixture  within  the  burner  at  the  condition  of  good 
adjustment  for  each  gas,  the  burner  was  removed  from  the  range 
after  each  adjustment  and  connected  to  special  apparatus  which 
had  been  developed  for  that  purpose. 

The  condition  at  which  the  flash  back  and  the  blowing  from  the 
ports  occur  with  each  kind  of  gas  represents  a  rather  definite  rela- 
tion between  velocity  through  the  ports  and  composition  of  the 
air-gas  mixture.  The  yellow  tips  also  occur  at  rather  definite 
mixtures  of  gas  and  air.  These  conditions  were  also  determined 
with  the  above-mentioned  apparatus. 

(2)  The  principal  object  of  the  second  series  of  tests  was  to 
establish  more  definitely  the  workable  limits  of  operation  of 
burners  with  gases  of  different  heating  value  and  specific  gravity. 
This  part  of  the  laboratory  schedule  consisted  of  a  series  of  tests 
made  with  water  gas  of  400,  500,  and  600  B.  t.  u.  and  coal  gas  of 
525  B.  t.  u.  With  each  kind  of  water  gas  the  burner  was  operated 
at  three  rates  of  consumption,  namely,  7,000,  9,000,  and  11,000 
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B.  t.  u./hr.  The  cone  and  flame  heights  and  the  limits  of  adjust- 
ment within  which  the  burner  could  be  satisfactorily  operated 
were  observed. 

This  matter  of  correct  appliance  adjustment  is  of  considerable 
importance  in  cities  where  coke-oven  or  coal  gas  and  water  gas 
are  mixed.  As  a  result  of  the  daily  and  seasonal  variations  in 
demand  it  is  difficult  to  maintain  the  ratio  of  the  two  gases  con- 
stant and,  therefore,  there  may  be  considerable  variation  in  the 
specific  gravity  of  the  gas  with  a  resulting  change  in  air  entrain- 
ment  and  variation  in  flame  characteristics. 

(3)  The  third  part  of  the  investigation  consisted  of  a  series  of 
tests  with  water  gas  of  500  and  600  B.  t.  u./ft.3  to  determine  the 
position  of  vessel  relative  to  the  gas  burner  that  would  give  the 
highest  thermal  efficiency  without  forming  dangerous  quantities  of 
carbon  monoxide.  In  these  tests  the  utensil  was  placed  at  dis- 
tances of  \y2,  iX)  J>  an<i  ZA  inches  from  the  burner.  Tests  were 
made  with  three  gas  rates,  7,000,  9,000,  and  11,000  B.  t.  u./hr. 

The  efficiency  that  can  be  secured  in  top-burner  cooking  will 
depend  upon  the  distance  of  burner  from  the  utensil  and  upon  the 
flame  characteristics.  Good  flame  contact  is  essential  for  rapid 
heating  (the  consumer's  idea  of  good  service)  and  high  efficiency, 
but  the  smothering  of  the  flame  is  dangerous  on  account  of  the 
production  of  carbon  monoxide.  At  each  rate  and  at  each  posi- 
tion of  vessel  the  flame  was  adjusted  for  three  different  condi- 
tions, namely,  a  hard  flame,  a  medium  flame,  and  a  soft  flame. 
A  large  number  of  carbon-monoxide  determinations  were  made 
under  each  condition  of  operation  with  the  ordinary  star  and  disk 
types  of  burners.  The  results  of  the  tests  show  how  the  pro- 
duction of  carbon  monoxide  is  affected  by  a  change  in  the  dis- 
tance between  the  burner  and  the  vessel,  variation  in  rate  of 
gas  consumption,  or  use  of  different  types  of  burners. 

II.  PREPARATION    OF    GAS    SAMPLES    OF    DIFFERENT 
HEATING  VALUES. 

In  order  that  a  sufficient  volume  of  gas  of  a  constant  heating 
value  be  available  for  a  series  of  tests  a  gas  holder  with  a  capacity 
of  approximately  300  feet 3  was  secured.  For  purification  pur- 
poses the  gas  before  entering  the  holder  was  passed  through  the 
tar  scrubber  and  purifier  shown  in  Figure  1.  The  tar  scrubber 
was  2}/2  feet  in  diameter  and  12  feet  high  and  was  filled  with  dry 
wood  shavings.  This  scrubber  completely  removed  all  the  tar 
in  the  gas.     The  purifier,  2>£  feet  in  diameter  and  3  feet  high,  was 
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Fig.  i. —  Vu  u,  of  tar  scrubber  (j),  purifier  (2),  ami  yuj  holder  (j)  used  in  these  tests. 
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filled  with  iron  oxide  and  wood  shavings,  which  completely  removed 
all  traces  of  hydrogen  sulphide. 

The  city  gas  used  in  our  tests  was  piped  to  our  holder  direct 
from  the  Consolidated  Gas,  Electric  Light  &  Power  Co.'s  city  distri- 
bution line.  This  gas  contained  approximately  one-third  coke-oven 
gas  and  two-thirds  water  gas  and  the  heating  value  was  approxi- 
mately 500  B.  t.  u./ft.3 

The  coke-oven  gas  was  received  from  the  Sparrows  Point  plant 
of  the  Bethlehem  Steel  Co.  The  gas  as  received  at  Baltimore  was 
free  of  tar  but  not  of  hydrogen  sulphide,  and  it  was  necessary  to 
purify  it  before  entering  our  holder.  The  coke-oven  gas  used  in 
these  tests  had  a  heating  value  of  about  450  B.  t.  u./ft.3 

Coal  gas,  a  gas  similar  to  coke-oven  gas  but  usually  of  somewhat 
higher  heating  value,  was  secured  from  the  Philadelphia  Gas  Works, 
since  there  were  no  facilities  for  its  manufacture  in  Baltimore. 
It  was  compressed  and  shipped  in  high-pressure  cylinders.  The 
heating  value  of  the  gas  was  about  525  B.  t.  u./ft.3  when  released 
into  our  holder.  The  gas  as  received  was  free  of  tar  and  hydrogen 
sulphide. 

All  of  the  water  gas  was  manufactured  at  the  Spring  Gardens 
plant.  A  connection  was  made  to  the  outlet  of  the  wash  box  of  a 
generator  set  and  from  there  the  gas  was  piped  about  400  feet 
through  a  4-inch  line  to  a  tar  scrubber,  purifier,  and  finally  into 
the  gas  holder.  Gases  of  different  heating  values  were  made  by 
varying  the  quantity  of  gas  oil  sprayed  into  the  carbureter. 

III.  DESCRIPTION   OF   APPARATUS   AND   METHODS    USED 

IN  TESTING. 

1.  TYPES  OF  BURNERS  AND  RANGES  USED  IN  TESTING. 

In  the  tests  of  this  report  three  different  designs  of  top  burners 
were  used  and  are  shown  in  Figure  2 .  These  burners  are  known  as 
regular  front  top  burners  and  are  often  designated  as  ' '  standard ' ' 
size  (about  4  inches  in  diameter)  to  differentiate  them  from  other 
sizes.  Gas  ranges  of  average  size  are  generally  equipped  with 
three  regular,  one  giant,  and  one  simmering  burner. 

Burner  No.  1  was  selected  because  it  is  the  most  extensively 
used  in  Baltimore  and  also  represents  the  "star"  type  of  burner. 

Burner  No.  2  which  is  of  the  "disk"  type,  was  selected  because 
it  was  desired  to  test  a  burner  of  an  old  design,  many  of  which  are 
still  in  service  in  Baltimore. 

B inner  No.  3  was  used  only  in  the  study  of  the  effect  on  efficiency 
with  a  change  of  distance  of  utensil  from  burner.     It  is  one  of  the 
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later  designs  of  the  "disk"  type  of  burner  and  is  much  used  in 
New  York  City. 

The  ranges  which  were  used  to  determine  the  efficiency  of  gases 
of  different  heating  values  are  shown  in  Figures  3  and  4,  respec- 
tively. Thev  were  obtained  from  consumers'  premises  where 
new  ranges  had  been  purchased. 

2.  KIND  OF  UTENSIL  USED. 

In  this  investigation  no  attempt  has  been  made  to  study  the 
effect  on  the  efficiency  if  the  size  or  shape  of  the  utensil,  relative 
to  the  size  of  the  burner,  is  varied,  nor  the  probable  change  in 
efficiency  that  would  result  from  the  use  of  utensils  made  from 
various  materials  or  those  made  with  different  weights  of  material. 
A  light-weight  aluminum  utensil  was  selected  such  as  that  shown 
in  Figure  6.  It  is  model  No.  44-A  made  by  the  Aladdin  Alum- 
inum Co.  The  maximum  diameter  is  8.1  inches  and  the  capacity 
is  4  quarts.  This  size  of  utensil  was  used  in  all  the  efficiency  tests 
here  reported. 

3.  HOW  THE  RELATIVE  EFFICIENCY  OF  THE  GASES  WAS  DETERMINED. 

In  past  investigations  of  this  bureau,  tests  of  efficiency  of  heat- 
ing were  made  by  heating  a  given  weight  of  water  through  a  tem- 
perature rise  of  ioo°  F.  Before  adopting  the  method  used  in  this 
investigation,  tests  were  made  to  ascertain  the  difference  in 
efficiency,  if  any,  between  heating  water  from  tap- water  tempera- 
ture through  100  °  F.  rise  or  from  tap-water  temperature  to  boiling. 
The  effect  of  stirring  the  water  during  heating  was  also  determined. 
The  results  were  as  follows :  Two  quarts  of  water  heated  to  boiling, 
stirred,  gave  36.8  per  cent  efficiency;  2  quarts  of  water  heated  to 
boiiing,  not  stirred,  gave  36.5  per  cent  efficiency;  and  2  quarts  of 
water  heated  through  ioo°  F.  gave  37.5  per  cent  efficiency. 

It  is  apparent  from  the  above  that  stirring  the  water  does  not 
appreciably  alter  the  efficiency,  nor  is  the  efficiency  of  heat  ab- 
sorption much  different  whether  the  water  is  heated  over  a  greater 
or  less  difference  in  temperature. 

It  is  also  of  interest  to  know  whether  the  rate  of  heat  absorption 
is  constant  from  the  time  the  utensil  is  placed  over  the  burner 
until  boiling  begins.  The  curves  of  Figure  5  show  that  the  rate 
of  heat  absorption  is  constant  and  depends  directly  upon  the  rate 
of  supply  of  heat. 

To  make  the  tests  here  reported  the  following  method  was 
selected.     Two  quarts  (4.17  pounds)  of  water  were  heated  from 
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Fig.  2. — Top  view  of  burners  used  in  the  tests. 
Burner  No.  i  "star"  type,  burner  Xo.  2  old  "disk"  type,  and  burner  Xo.  3  new  "disk"  type. 
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Fig.  3. — Gas  range  equipped  with  burner  No.  1  showing  utensil  used  in  efficiency  tests. 
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tap-water  temperature  to  boiling.  The  initial  temperature  was 
very  carefully  noted  just  before  the  utensil  was  placed  over  the 
burner.  At  the  instant  the  utensil  was  placed  over  the  burner 
the  gas  meter  reading  was  taken.  The  observer  who  placed  the 
utensil  over  the  burner  watched  the  water  temperature  until  it 
iust  reached  the  boiling  point  when  he  signaled  to  the  person  who 
read  the  °:as  meter. 
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Time  Required  to  Heat  Two  Quarts  (4.17 lbs.)  of  Water  'Minutes 

Fig.  5. — Curves  showing  the  variation  of  rate  of  heating  -water  with  different  B.  t.  u.  rates. 
Burner  No.  i  was  used  to  make  the  tests  and  was  placed  iH  inches  from  the  utensil  shown  in  Fig.  3. 

During  a  test  the  gas  temperature,  the  pressure  of  the  gas  in  the 
meter,  and  the  barometric  pressure  were  noted.  The  difference 
between  the  meter  readings  at  the  time  the  utensil  was  placed  over 
the  burner  and  at  the  time  the  water  reached  21 2°  F.  gave  the 
uncorrected  volume  in  cubic  feet  of  gas  consumed.  This  volume 
was  then  corrected  to  the  standard  barometric  condition  of  30 
inches  of  mercury  pressure  at  6o°  F.  The  efficiency  was  calcu- 
lated on  the  basis  of  the  quantity  of  heat  absorbed  by  the  water 
relative  to  the  total  quantity  of  heat  contained  in  the  gas  con- 
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sumed.  No  allowance  was  made  for  the  heat  absorbed  by  the 
utensil.  The  efficiency  may,  therefore,  be  computed  from  the 
simple  equation, 

Efficienc   = W  xT 

CienCy     B.  t.  u.  per  cubic  foot  xVxF 

where 

W  =  weight  of  water,  4.17  pounds  (2  quarts)  in  the  case  of  the 
tests  of  this  report. 

T  =  temperature  rise  of  water,  degrees  F. 

V  =  uncorrected  volume  of  gas  consumed. 

F  =  correction  factor  which  reduces  uncorrected  volume  to  30 
inches  of  mercury  pressure  at  6o°  F. 

The  efficiency  values  shown  in  this  paper  are  an  average  of  two 
tests  at  each  position.  By  making  two  tests  errors  in  reading  the 
gas  meter  or  the  thermometer  or  in  weighing  the  water  would  be 
detected. 

4.   APPARATUS   AND   METHOD    USED    TO   TEST    THE   OPERATION   OF 
BURNERS  WITH  DIFFERENT  GASES. 

The  set-up  used  in  making  the  tests  of  operation  of  Durners  is 
shown  in  Figure  6.  There  are  two  meters,  a  5-light  wet  meter 
used  to  meter  the  gas  and  a  10-light  wet  meter  for  metering  the  air. 
After  being  metered,  the  gas  passes  by  an  opening  to  a  gas  bag 
which  serves  to  eliminate  any  slight  pressure  irregularity  due  to 
the  operation  of  the  meter  mechanism.  The  gas  then  passes 
through  a  pressure  regulator  by  which  it  is  possible  to  regulate  the 
pressure  desired  at  the  orifice.  A  regulator  and  a  gas  bag  are 
placed  before  the  air  meter.  The  regulator  reduces  the  air-line 
pressure,  while  the  gas  bag  removes  some  of  the  fluctuations 
caused  by  the  air  compressor.  Between  the  air  meter  and  the  con- 
nection to  the  wooden  box  is  another  gas  bag  which  removes  the 
remaining  fluctuations  in  the  air  line.  After  this  gas  bag  is  a 
valve  which  is  used  to  regulate  the  flow  of  air.  The  mixer  portion 
of  the  gas  burner  is  sealed  in  the  end  of  the  box  opposite  the  point 
at  which  the  gas  line  enters.  The  gas-line  pressure  is  taken  at  a 
point  just  back  of  the  orifice  and  is  connected  to  a  pressure  gauge 
outside  of  the  box.  The  air  line  is  joined  to  the  box  directly  above 
the  point  at  which  the  gas  line  enters.  A  baffle  is  placed  in  front 
of  the  air  inlet  in  order  to  reduce  the  velocity  of  the  air  as  it  enters 
the  box.  The  box  has  a  removable  lid  and  is  made  air-tight.  On 
one  side  of  the  box  a  hole  6  inches  square  is  cut,  and  a  piece  of 
shellacked  paper  is  glued  over  the  opening  to  form  an  explosion 
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Fig.  4. — Gas  range  equipped  with  burner  No.  2  used  in  efficiency  tests. 


Fig.  6. — Apparatus  used  to  determine  the  primary  air  that  was  injected  into  a  burner 
at  any  condition  of  operation. 
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Fig.  7. — Orsat  gas  analysis  apparatus  used  to  determine  the  constituents  of  the  gases. 


Fig.  8. — Apparatus  used  for  analyzing  products  of  combustion  for  carbon  monoxide. 
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head.  A  very  sensitive  slope  U  gauge  is  constructed  to  measure 
the  extremely  minute  pressures  that  occur  in  the  burner.  Xylene 
is  used  in  this  gauge  because  it  does  not  adhere  to  the  wall  of  the 
U  tube. 

With  the  apparatus  which  has  been  described  it  is  possible  to 
produce  in  the  burner  any  desired  air-gas  mixture.  Because  it  is 
impossible  to  operate  a  burner  above  an  air-gas  ratio  that  will 
cause  the  flames  to  leave  the  ports  or  flash  back  into  the  burner, 
and  it  is  impracticable  to  operate  the  burner  with  a  primary  air-gas 
ratio  which  produces  a  yellow  flame,  these  conditions  were  de- 
termined when  testing  a  burner.  To  make  the  tests,  the  lid  was 
placed  on  the  box,  and  air  was  metered  into  the  box  at  rates  which 
produced  these  conditions  for  different  gas  rates.  The  ratio  of 
the  volume  of  air  to  the  volume  of  gas  that  entered  the  burner  was 
readily  calulated  by  timing  the  two  meters. 

The  amount  of  air  which  was  injected  into  the  burner  at  different 
pressures  for  any  definite  air-shutter  adjustment  was  also  de- 
termined. This  was  accomplished  by  first  operating  the  burner 
normally,  with  the  top  of  the  box  removed,  and  observing  care- 
fully the  orifice  pressure  and  the  pressure  in  the  burner  as  indicated 
on  the  very  sensitive  slope  U  gauge.  The  lid  was  then  placed  on 
the  box  and  the  air  passed  through  a  meter  into  the  box  at  a  rate 
which  exactly  duplicated  the  previous  condition  of  pressure  within 
the  burner.  It  is  evident  that  since  the  gas  rate  in  each  case  was 
the  same,  the  volume  of  air  injected  into  the  burner  in  each  case 
must  have  been  the  same.  The  primary  air-gas  ratio  for  gas 
pressures  of  0.25,  0.5,  1,  2,  3,  4,  and  5  inches  was  thus  obtained. 

Before  beginning  a  test  the  gas  was  lighted  long  enough  for  the 
burner  to  be  heated  to  its  normal  temperature.  All  tests  herein 
reported,  therefore,  were  obtained  with  the  "burner  hot." 

5.  METHOD  OF  GAS  ANALYSIS. 

An  Orsat  type  of  gas  analysis  apparatus  was  used  for  analyzing 
the  various  gases  used  in  the  tests,  also  for  the  determination  of 
the  amount  of  carbon  dioxide  and  oxygen  in  the  products  of  com- 
bustion as  sampled  above  the  burner.  The  apparatus  as  used  is 
shown  in  Figure  7. 

Mercury  was  used  as  the  confining  liquid  in  the  gas  measuring 
burette.  By  means  of  the  method  of  compensation  all  volume 
measurements  were  made  at  a  temperature  and  pressure  that  are 
constant  for  any  analysis.     The  absorbable  constituents  were 
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removed  by  using  the  following  reagents  in  the  several  pipettes: 
(i)  Sodium  hydroxide  solution  for  the  removal  of  carbon  dioxide 
(C02) ;  (2)  fuming  sulphuric  acid  for  the  removal  of  the  illumi- 
nants;  (3)  alkaline  pyrogallol  solution  for  the  removal  of  oxygen 
(02) ;  and  (4)  acid  cuprous  chloride  for  the  removal  of  carbon 
monoxide  (CO). 

The  amounts  of  hydrogen  (H2)  and  methane  (CH4)  were  deter- 
mined by  the  slow  combustion  method.  The  amount  of  ethane 
(C2H6)  present  in  the  gases  was  not  determined  separately,  but 
the  amount  being  small  the  error  introduced  by  including  it  with 
the  percentages  of  hydrogen  and  methane  present  may  be  ignored. 

6.  APPARATUS   AND   METHOD   USED   FOR   ANALYZING   PRODUCTS    OF 
COMBUSTION  FOR  CARBON  MONOXIDE. 

The  amount  of  carbon  monoxide  (CO)  present  in  the  products 
of  combustion  is  important  as  a  criterion  of  the  completeness  of 
combustion  and  of  the  safe  and  efficient  operation  of  a  burner. 
A  careful  analysis  of  the  products  of  combustion  for  carbon  mon- 
oxide was  made  using  the  apparatus  shown  in  Figure  8.  The 
general  arrangement  of  apparatus  is  practically  the  same  as  that 
used  by  Larson  and  White,  who  did  considerable  work  on  the 
quantitative  determination  of  carbon  monoxide  while  in  the 
Chemical  Warfare  Service.  The  method  is  based  on  the  reaction 
of  carbon  monoxide  (CO)  and  iodine  pentoxide  (I205),  which 
results  in  the  liberation  of  iodine  and  the  formation  of 
carbon  dioxide  (I205  +  5CO  =  I2  +  5C02) .  The  liberated  iodine  is 
absorbed  in  potassium  iodide  (10  per  cent  solution)  and  the 
amount  is  determined  by  titration  with  carefully  standardized 
sodium  thiosulphate  (Na^SjAs).  Since  the  amount  of  liberated 
iodine  and  the  volume  of  sample  passed  through  the  apparatus 
is  known,  the  amount  of  carbon  monoxide  in  the  products  of 
combustion  as  sampled  can  be  calculated. 

In  order  to  get  a  result  that  is  comparable  with  that  for  any 
other  burner,  the  products  of  combustion  are  analyzed  for  content 
of  carbon  dioxide  and  oxygen  by  means  of  the  Orsat  apparatus. 
The  amount  of  oxygen  in  the  sample  is  directly  related  to  the  air 
present,  namely,  where  x  =  amount  of  oxygen  in  the  sample,  and 
since  normal  air  contains  20.93  per  cent  oxygen  by  volume,  then 


per  cent  of  products  of  combustion  free  from  air. 


20.93  —  x 

20.93 

Using  this  factor  we  can  calculate  the  per  cent  of  carbon  monoxide 
and  carbon  dioxide- on  the  air-free  basis.     The  calculation  of  the 
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carbon  monoxide  produced  in  cubic  feet  per  hour  is  made  as  fol- 
lows: 

Let  a  =  per  cent  of  CO  (air-free  basis) . 
b  =per  cent  of  C02  (air-free  basis). 
C  =  C02  produced  by  combustion  of  1  foot3  of  gas. 
R  =rate  at  which  gas  is  burned  in  cubic  feet  per  hour 
then 

X C xR  =  cubic  feet  of  carbon  monoxide  produced  per  hour. 


a  +  b 


Referring  to  Figure  8,  the  path  of  travel  of  the  sample  of  the 
products  of  combustion  will  be  traced  as  the  sample  is  drawn 
through  the  apparatus  by  suction,  connection  for  which  is  made 
at  18.  The  sample  of  the  products  of  combustion  is  contained  in 
the  sampling  tube  (1)  and  is  displaced  by  means  of  water.  As  the 
water  rises  in  the  sampling  tube  (1)  and  displaces  the  sample  it 
ultimately  acts  on  the  float  valve  (2)  which  automatically  cuts  off 
the  flow  of  water  and  allows  the  purging  with  air  to  begin.  The 
sample  passes  through  absorption  towers  filled  with  glass  beads 
containing,  respectively,  chromic  acid  (3),  sodium  hydroxide  (4), 
and  concentrated  sulphuric  acid  (5) .  The  absorption  tower  con- 
taining chromic  acid  is  heated  to  approximately  2120  F  by  means 
of  a  steam  jacket.  The  hot  chromic  acid  will  remove  any  illumi- 
nants,  should  there  be  any  present;  while  the  sodium  hydroxide 
will  remove  the  carbon  dioxide  (C02)  and  the  sulphuric  acid  will 
absorb  most  of  the  moisture.  The  U-tube  (6)  contains  stick 
sodium  hydroxide  (NaOH)  and  acts  as  a  guard  tube  for  the  absorp- 
tion tower  of  sulphuric  acid  and  it  also  will  remove  any  trace 
of  carbon  dioxide  that  might  still  be  in  the  sample.  The  next 
U-tube  (7)  contains  phosphorous  pentoxide  (P205)  where  the  last 
trace  of  moisture  is  removed.  The  unit  marked  "  8  "  is  an  oil  bath 
in  which  is  mounted  a  U-tube  containing  alternate  layers  of 
iodine  pentoxide  and  glass  wool.  The  bath  is  heated  by  an  elec- 
tric immersion  type  heater  (11)  to  a  temperature  of  3100  F. 
(1550  C.)  and  a  uniform  temperature  is  maintained  by  means 
of  a  stirring  motor  (12).  The  liberated  iodine  is  absorbed  in  a 
potassium-iodide  solution  contained  in  a  Gomberg  bulb  (9) .  The 
Gomberg  absorption  bulb  is  attached  by  ground-glass  joints  so 
that  it  can  be  easily  removed  and  the  iodine  solution  rinsed  into  a 
flask  for  titration  with  standardized  sodium-thiosulphate  solution. 
The  air  used  in  purging  passes  through  an  absorption  tower  con- 
taining concentrated  sulphuric  acid  (14),  and  a  U-tube  filled  with 
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activated  charcoal  for  the  removal  of  any  carbon  monoxide  that 
might  be  in  the  room  atmosphere.  The  mercury  trap  (16)  acts 
as  a  seal  when  the  sample  is  drawn  into  the  apparatus  and  also 
prevents  dust  in  the  charcoal  from  being  carried  over  by  the  air 
used  in  purging.  The  electric  heater  and  stirring  motor  are  con- 
trolled by  means  of  a  rheostat  and  lamps  mounted  on  the  switch- 
board (17)  at  the  extreme  left. 

The  method  used  in  sampling  the  products  of  combustion  is 
fully  described  in  "Carbon  monoxide  in  the  products  of  combus- 
tion fron  natural  gas  burners,"  by  I.  V.  Brumbaugh  and  G.  W. 
Jones.     Figure  9  shows  the  apparatus  used. 


Fig.  9. — Apparatus  used  for  sampling  products  of  combustion. 

IV.  TIME  REQUIRED  AND  CUBIC  FEET  OF  GAS  USED  TO 
HEAT  2  QUARTS  (4.17  LBS.)  OF  WATER  TO  BOILING,  CAL- 
CULATED EFFICIENCY  OF  HEATING,  AND  THE  CONDI- 
TION OF  GOOD  ADJUSTMENT  FOR  TWO  TYPES  OF 
BURNERS. 

It  has  been  often  said  that  laboratory  tests  are  made  with  such 
high  degree  of  accuracy  and  refinement  in  adjustment  that  the 
application  of  the  results  to  actual  practice  is  very  difficult. 
Every  effort  was  made  in  this  series  of  efficiency  tests  of  gases  of 
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10  different  heating  values  to  make  the  condition  of  test  as  prac- 
tical as  possible.  The  tests  of  each  gas  were  made  on  each  of  the 
ranges  shown  in  Figures  3  and  4.  The  burners  were  adjusted  in 
the  way  that  a  practical  gas  fitter  would  adjust  the  appliance  in 
a  consumer's  home. 

In  Baltimore  the  pressure  of  the  gas  when  supplied  at  the  con- 
sumers' appliances  averages  about  3  inches.  The  initial  adjust- 
ment of  the  burners  for  each  kind  of  gas  was  made  for  that  pres- 
sure. After  the  careful  initial  adjustment  no  other  changes  were 
made  in  the  gas  orifice  or  air  shutter  when  the  burner  was  oper- 
ated at  other  pressures. 

To  make  a  good  adjustment  the  gas-line  pressure  was  first  set 
for  3  inches;  then  the  orifice  was  so  reamed  (if  necessary)  and  the 
air  shutter  so  set  that  a  flame  was  obtained  which  was  distinctly 
blue,  with  a  pronounced  blue  inner  cone.  The  type  of  flame  with 
good  adjustment  of  gas  and  primary  air  might  be  described  as  a 
"normal  flame."  The  flame  was  neither  "hard  and  stiff"  nor 
"soft  and  flimsy." 

In  this  connection  the  reader  must  bear  in  mind  that  when  a 
burner  is  adjusted  for  the  right  kind  of  flame  at  a  pressure  of  3 
inches  and  the  pressure  is  then  reduced  to  1  inch  or  increased  to 
5  inches,  the  type  of  flame  is  not  -visibly  altered  but  the  rate  of  flow  of 
gas  and,  therefore,  the  size  of  the  flame  with  each  pressure  is  decidedly 
different. 

Complaints  of  poor  service  are  often  made  when  the  gas  pressure 
is  adequate  and  the  capacity  of  the  service  pipe  is  sufficient,  but 
the  orifice  on  the  appliance  is  too  small  to  deliver  the  desired 
amount  of  gas.  On  the  other  hand,  complaints  arise  when  the 
demand  for  gas  is  greater  than  the  capacity  of  the  service  pipes. 
It  is  almost  impossible  to  maintain  an  absolutely  uniform  pressure 
at  all  times,  and  tests  of  efficiency  with  each  kind  of  gas  were  made, 
therefore,  when  gas  was  supplied  at  pressures  of  1,  2,  3,  4,  and  5 
inches.  The  results  obtained  are  plotted  on  the  curves  of  the 
various  figures  and  are  marked  "efficiency,"  where  efficiency  in 
per  cent  is  plotted  as  the  ordinate  with  gas-line  pressure  in  inches 
of  water  as  the  abscissa. 

The  time  required  to  heat  the  water  (2  quarts)  from  initial 
temperature  to  boiling  was  noted  in  each  case.  The  time  required 
to  heat  from  8o°  F.  to  boiling  was  then  calculated.  These  are 
the  time  values  shown  in  the  tables  and  are  the  same  as  those 
which  have  been  plotted  and  are  labeled  "Time  required  to  heat 
2  quarts  of  water  to  boiling." 
110180°— 22 2 
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From  the  amount  of  gas  used  and  the  time  required  for  a  test 
the  gas  rate  in  cubic  feet  per  hour  was  determined.  The  results 
are  shown  in  the  tables  and  also  in  the  various  figures  by  the 
curves  marked  "  Rate,  cubic  feet  per  hour." 

The  above  procedure  was  followed  and  the  results  plotted  in  a 
similar  manner  with  each  of  10  different  gases. 

After  the  efficiency  tests  of  each  kind  of  gas  had  been  completed, 
the  burner  with  the  same  gas  cock  and  orifice  was  connected  to 
the  burner-testing  apparatus  without  changing  the  adjustment 
of  the  air  shutter.  With  this  apparatus  the  amount  of  primary 
air  injected  into  the  burner  by  the  gas,  with  the  air  shutter  set  for 
"good  adjustment,"  was  determined  at  pressures  ranging  from 
0.25  inch  to  5  inches.  These  values  are  shown  by  the  curves 
marked  "Primary  air-gas  ratio  obtained  with  good  adjustment." 

If  too  much  primary  air  is  injected  into  a  burner,  the  flames  will 
blow  from  the  ports  or  flash  back.  From  previous  experience 
of  the  bureau  in  work  for  commissions  and  municipalities  it  may  be 
stated  that  when  operating  burners  under  these  conditions  the  pub- 
lic will  complain  of  "air  in  the  gas,"  "poor  gas,"  and  popping  of 
burners.  The  burners  were  operated  with  each  kind  of  gas  under 
varying  gas  rates  and  the  amount  of  air  determined  which  would 
cause  the  flames  to  just  leave  the  ports  or  to  flash  back  into  the 
burner  at  each  gas  rate.  The  dashed  line  labeled  ' '  flames  blow  from 
ports"  and  "flash  back"  show  at  what  rate  of  consumption  and 
ratios  of  primary  air  to  gas  this  complaint  could  occur  with  the 
different  gases.  It  will  be  observed  that  the  curve  showing  the 
condition  of  good  adjustment  for  each  kind  of  gas  falls  well  below 
the  curves  for  "flash  back"  and  "flames  blow  from  ports." 

Since  the  velocity  of  combustion  varies  with  the  composition 
of  the  gas,  and  the  velocity  of  the  mixture  through  the  ports  varies 
with  the  port  area  of  the  burner,  the  ratios  at  which  the  "flash 
back"  and  "blow  from  ports"  conditions  occur  will  vary  with  the 
kind  of  gas,  the  heating  value,  the  rate  of  consumption,  and  the 
type  of  burner. 

If  only  a  certain  ratio  of  air  to  gas  is  admitted  into  the  burner 
with  the  gas,  a  yellow-tipped  flame  will  result.  The  values  of  the 
air-gas  ratios  at  which  this  condition  occurs  are  shown  for  the 
different  kinds  of  gases  by  the  curves  marked  "Yellow  tip  appears 
at  this  ratio."  Such  a  flame  will  generally  blacken  the  utensil 
and  is  likely  to  liberate  poisonous  products.  The  housewife 
strenuously  objects  to  a  flame  that  blackens  utensils. 
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The  amount  of  air  required  for  the  complete  combustion  of 

1  foot 3  of  gas  is  calculated  from  the  analysis  of  the  gas  and  is 
indicated  by  a  dashed  line  marked  "Ratio  required  for  complete 
combustion  "  on  the  figures  that  follow.  The  average  height  of  the 
flame  and  the  blue  inner  cones  were  measured  at  the  time  of  each 
efficiency  test.  The  average  height  of  the  flame  is  very  difficult  to 
determine  and  the  values  shown  in  the  tables  are  only  approximate. 
The  height  of  the  blue  inner  cone  is  very  definite  and  easily 
measured. 

1.  TESTS  OF  "500"  B.  T.  U.  CITY  GAS  (MIXED  COKE-OVEN  AND  WATER 

GAS). 

(a)  BURNER  NO.  1. 

The  pressure  was  set  at  3  inches;  then  the  size  of  the  gas  orifice 
and  the  opening  of  the  air  shutter  of  the  burner  were  adjusted  to 
obtain  the  type  of  flame  which  appliance  fitters  consider  will  give 
the  best  service.  With  this  adjustment  the  air  shutter  was  about 
20  per  cent  open.  Without  changing  the  burner  adjustments, 
efficiency  tests  were  made  at  pressures  of  1,  2,  3,  4,  and  5  inches. 

In  Table  2  are  given  the  rate  of  consumption  in  cubic  feet  per 
hour,  B.  t.  u.  per  cubic  foot,  B.  t.  u.  delivered  per  hour,  cone  and 
flame  height,  minutes  required  to  heat  2  quarts  of  water  from  8o° 
F.  to  boiling,  the  cubic  feet  of  gas  used,  and  the  efficiency  obtained 
at  the  above  five  pressures.  The  values  of  efficiency,  rate  of  con- 
sumption in  cubic  feet  per  hour,  and  the  time  required  to  heat 

2  quarts  (4. 1 7  pounds)  of  water  from  8o°  F.  to  boiling  are  plotted 
in  Figure  10. 

The  burner,  with  the  same  gas  cock,  orifice,  and  air-shutter 
adjustment,  was  connected  to  the  burner-testing  apparatus 
to  determine  how  much  of  the  air  required  for  combustion 
entered  the  burner  through  the  air-shutter  opening.  The  air- 
injection  tests  are  plotted  in  Figure  11  and  connected  by  solid 
lines  and  labeled  ' '  Primary  air-gas  ratio  obtained  with  good 
adjustment."  Let  us  consider  the  case  when  the  burner  was 
operated  at  a  pressure  of  3  inches  and  the  gas  rate  was  22.7  feet3/hr. 
The  test  showed  that  52.2  feet3  of  air  per  hour  were  injected  into 
the  burner.  The  ratio  of  primary  air  to  gas  was  52.2  divided  by 
22.7,  which  equals  2.3.  This  is  the  value  plotted  on  the  curve 
and  marked  "3  in."  The  other  points  of  the  curve  show  the 
ratios  obtained  at  other  pressures. 

From  the  analysis  of  city  gas  given  in  Table  1  it  was  computed 
that  the  oxygen  from  4.26  feet3  of  air  is  required  to  completely 
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burn  a  cubic  foot  of  the  gas.  This  value  is  shown  by  the  dashed 
line  of  Figure  1 1  labeled  "Ratio  required  for  complete  combustion." 

Referring  again  to  the  rate  of  consumption  at  3  inches  pressure, 
the  total  air  required  for  complete  combusion  was  22.7  x  4.26  =  96.7 
feet3  of  air  per  hour,  or  96.7  —  52.2=44.5  feet3  of  air  per  hour 
supplied  as  secondary  air. 

It  will  be  noted  in  Figure  1 1  that  the  burner  will  not  flash  back 
under  any  condition  when  the  gas  rate  exceeds  6  feet3/hr.  Beyond 
this  rate  the  flames  will  leave  the  port  when  the  air-gas  ratio  is 
high  enough  to  make  the  velocity  of  the  mixture  through  the 
ports  greater  than  the  velocity  of  combustion.  The  ratio  at  which 
the  flames  leave  the  ports  is  plotted  for  varying  gas  rates  in  the 
curve  marked  "Flames  blow  from  ports"  in  Figure  11. 


Thousands  cf  Btu  Pur  Hour       (S00  Btu  Fir  Cubic  feet) 
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Gas  Une  Pressure  'Inches  of  Water 


Fig.  10. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  city  gas  of  4Q2  B.  t.  u.  and 
burner  No.  1. 


Tfate  •   Cubic  fuei  Fcr  Hour 


Fig.  11. — Primary  air-gas  ratio  obtained  with 
city  gas  of  495  B.  t.  u.  and  burner  No.  1  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.628. 


The  reader  will  observe  in  Figure  n  that  the  air-gas  ratio  at 
the  good  adjustment  with  any  gas  rate  is  well  below  that  at  which 
the  "flames  blow  from  ports"  or  the  "flash  back"  occurs  and  is 
well  above  the  ratio  at  which  yellow  tips  appear  at  the  top  of  the 
blue  inner  cone. 


TABLE  1.— Average  Analysis  of  "500"  B.  t.  u.  City  Gas1  Used  in  Tests. 


CO* 

per  cent . 

4.1 

do... 

6.5 

o2 

do... 

.8 

CO....                                                   

do... 

21.5 

CH, 

do... 

16.2 

H2 

do... 

36.6 

N2              

do... 

14.3 

.619 

per  cent . 

19.2 

City  gas  consisted  of  approximately  one-third  coke-oven  gas  and  two-thirds  water  gas. 
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TABLE  2.— "500"  B.  t.  u.  City  Gas,  0.618  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

inches 

of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

beat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

Gas 

used. 

Effi- 
ciency. 

80  to  212°  F. 

Ft.3;hr. 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

12.74 

491 

6,255 

0.28 

0.70 

14.88 

3.16 

35.5 

2 

17.95 

497 

8,920 

.38 

.94 

10.13 

3.03 

36.5 

3 

22.48 

491 

11,040 

.44 

1.16 

7.97 

2.98 

37.6 

4 

25.95 

491 

12, 740 

.50 

1.35 

6.52 

2.82 

39.8 

5 

29.08 

491 

14,270 

.55 

1.45 

5.85 

2.84 

39.6 

(6)  BURNER   NO.  2. 

The  same  orifice  that  was  used  with  Burner  No.  i  to  test  "500" 
B.  t.  u.  city  gas  was  connected  to  Burner  No.  2.  The  air  shutter 
was  then  completely  closed  to  make  the  good  adjustment.  It 
should  be  noted  that  the  mixer  of  Burner  No.  2  (see  Fig.  2)  is  a 
separate  casting  into  which  the  injecting  or  mixer  tube  makes  a 
loose  fit,  the  slot  for  the  set  screw  of  the  air  shutter  is  uncovered 
when  the  shutter  is  closed,  and  the  air-shutter  cap  is  not  tight 

Thousands  of  £tu  ftr  Hour       (500  Stu  Tir  Cubic  foci) 
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*\Q.  12. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  city  gas  of  492  B.  t.  u.  and 
burner  No.  2. 


Fig.  13. — Primary  air-gas  ratio  obtained  with 
city  gas  of  495  B.  t.  u.  and  burner  No.  2  a 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.628. 


against  the  mixer  face.  These  openings  alone  allowed  a  sufficient 
amount  of  primary  air  to  enter  the  burner  at  the  good  adjustment. 
The  efficiency  values,  etc. ,  are  given  in  Table  3 .  If  one  will  com- 
pare the  results  of  the  tests  of  city  gas  obtained  with  Burner  No.  2 
with  those  of  Burner  No.  1,  it  will  be  noted  that  there  is  no  appre- 
ciable difference.  This  is  due  primarily  to  the  fact  that  both 
burners  were  the  same  distance  from  utensil  {\V%  inches)  and  the 
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type  of  flame  with  each  was  approximately  the  same  as  shown  by 
the  cone  heights  given  in  Tables  2  and  3.  Since  the  same  orifice 
was  used  when  testing  with  each  burner  the  same  gas  rates  are 
obtained  at  corresponding  pressures,  and  since  the  efficiency  in 
each  case  is  approximately  the  same,  it  follows  that  there  should 
be  no  appreciable  difference  in  the  time  required  to  heat  a  given 
amount  of  water  to  boiling  at  a  given  pressure.  The  curves  of 
Figures  10  and  12  verify  this  since  they  are  almost  identical. 

The  operation  tests  of  Burner  No.  2  are  shown  by  Figure  13. 
The  location  of  the  curves  are  very  similar  to  those  of  Figure  1 1 , 
showing  the  test  of  Burner  No.  1.  The  curve  showing  the  "pri- 
mary air-gas  ratio  obtained  with  good  adjustment"  is  a  little  lower 
than  that  for  Burner  No.  1.  Those  who  made  the  adjustment 
believed  they  had  exactly  duplicated  the  flame  used  in  the  tests 
of  Burner  No.  1,  but  there  is  some  question  whether  the  eye  can 
detect  any  less  variation  in  the  type  of  flame. 

TABLE  3.— "500"  B.  t.  u.  City  Gas,  0.624  Specific  Gravity— Burner  No.  3,  44  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 

used. 

Effi- 
ciency. 

Ft.3/hr. 

B.t.u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.' 

Per  cent. 

1 

11.94 

495 

5,860 

0.31 

0.64 

15.22 

3.03 

36.7 

2 

17.27 

492 

8,500 

.37 

.70 

10.32 

3.00 

37.3 

3 

21.45 

492 

10,550 

.40 

.85 

8.23 

2.98 

37.5 

4 

25.92 

492 

12,750 

.48 

1.40 

6.98 

3.02 

37.1 

5 

29.20 

492 

14,370 

.50 

1.50 

6.44 

3.14 

35.5 

2.  TESTS  OF  "450"  B.  T.  U.  COKE-OVEN  GAS. 

(a)  BURNER  NO.  1. 

With  coke-oven  gas  it  was  found  that  the  same  orifice  and  air- 
shutter  adjustment  as  made  for  the  city  gas  was  correct  for  good 
adjustment.  The  fact  that  no  readjustment  was  necessary  may 
be  accounted  for  by  the  increase  in  the  rate  of  gas  consumption 
(due  to  the  lower  specific  gravity)  compensating  for  the  drop  in 
heating  value.  In  other  words,  the  hourly  rate  of  B.  t.  u.  supplied 
to  the  burner  changed  but  little  and  the  momentum  of  the  gas 
(which  governs  the  primary  air  injection)  remained  approximately 
the  same  with  the  result  that  the  appearance  of  the  flame  was  not 
visibily  altered. 
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The  average  analysis  of  the  gas  used  in  this  test  is  given  in 
Table  4.  Table  5  and  Figures  14  and  15  require  no  detailed 
explanation  for  the  reader  familiar  with  the  preceding  discussion. 

The  adjustment  of  the  air  shutter  of  Burner  No.  1  for  the  "450" 
B.  t.  u.  coke-oven  gas  was  such  as  to  give  an  air  opening  approxi- 
mately 20  per  cent  of  the  area  of  the  air  inlet. 


Thousands  efStu  fb>  Hour       (1S0  £tu  r\r  Cubic  root) 
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Fig.  14. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  coke-oven  gas  of  447  B.  t.  u. 
and  burner  No.  I. 
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Fig.   15. — Primary  air-gas  ratio  obtained  with 
coke-oven  gas  of  44J  B.  t.  u.  and  burner  No.  I 
at  the  different  conditions  of  operation. 
Specific  gravity  of  gas.  0.55. 


TABLE  4. — Average  Analysis  of  "450"  B.  t.  u.  Coke-Oven  Gas  as  Received  from 

Sparrows  Point,  Md. 

CO2 per  cent. .  3. 2 

Illuminants do 3.0 

02 do 1.0 

CO do....  9.6 

CH, do 22. 8 

H2 do....  41.5 

N2 do 18. 9 

Specific  gravity 54 

Noncombustibles per  cent. .  23. 1 

TABLE  5.— "450"  B.  t.  u.  Coke-Oven  Gas,  0.55  Specific  Gravity— Burner  No.  1,  48 
Ports,  No.  40  Drill — Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

inches 

of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 

used. 

Effi- 
ciency. 

Ft./hr.3 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

13.25 

447 

5,930 

0.27 

0.65 

16.14 

3.54 

34.8 

2 

19.11 

447 

8,520 

.35 

.80 

10.54 

3.36 

36.7 

3 

23.80 

447 

10,650 

.43 

.93 

8.34 

3.27 

37.6 

<» 

27.25 

447 

12,180 

.48 

1.12 

7.21 

3.27 

37.6 

5 

30.50 

447 

13,640 

.50 

1.32 

6.43 

3.27 

37.6 

36 
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(6)  BURNER  NO.   2. 

The  same  orifice  and  air-shutter  adjustment  of  this  burner  as 
used  in  the  test  of  city  gas  was  also  correct  for  coke-oven  gas  of 
this  heating  value.  The  reason  for  this  is  explained  in  the  dis- 
cussion of  the  Burner  No.  i  when  operated  with  coke-oven  gas. 
Although  the  air  shutter  was  completely  closed,  the  burner  received 
the  required  primary  air  through  the  openings  of  the  loose  fittings. 

The  analysis  of  the  coke-oven  gas  used  in  the  tests  of  this  burner 
is  given  in  Table  4.  Table  6  and  Figures  16  and  17  should  be  self- 
explanatory  to  the  reader  familiar  with  the  preceding  discussion. 

iTauetnb  cfDtu  Thr  ffeur      ffSC  Etu  Fer  Cot!:  fiat) 
re  js  £4  «  00  «9  «• 


H     It    19    to    et     «■;«?«     /a    JO 


cs  Line  Tressore  ~TntJi&  of  Wafer 


Fig.  16. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  coke-oven  gas  of  453  B.  t.  u. 
and  burner  Xo.  2. 


Hate  '  Cubic  feet  7%r  Hoar 


Fig.  if.- — Primary  air-gas  ratio  obtained  with 
coke-oven  gas  of  44J  B.  t.  u.  and  burner 
Xo.  2  at  the  different  conditions  of  operation. 
Specific  sravity  of  gas,  0.55. 


TABLE  6.— "450"  B.  t.  u.  Coke-Oven  Gas,  0.54  Specific  Gravity— Burner  No.  2,  44 
Ports,  No.  40  Drill — Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 

used. 

Effi- 
ciency. 

Ft.8/hr. 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

12.18 

453 

5,530 

0.30 

0.55 

15.71 

3.19 

38.1 

2 

18.44 

453 

8,360 

.38 

.77 

10.55 

3.23 

37.5 

3 

22.90 

453 

10, 380 

.45 

.90 

8.48 

3.24 

37.4 

4 

26.62 

453 

12, 070 

.50 

1.07 

7.36 

3.27 

37.2 

5 

30.20 

453 

13, 690 

.53 

1.23 

6.80 

3.42 

35.5 

3.  TESTS  OF  "525"  B.  T.  U.  COAL   GAS. 

(a)  BURNER  NO.   1. 

The  coal  gas  used  in  these  tests  was  obtained  from  the  Phila- 
delphia Gas  Works.  The  gas  was  received  in  cylinders  compressed 
to  a  pressure  of  approximately  150  atmospheres,  which  probably 
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caused  some  of  the  illuminants  to  condense.  It  would  seem  that 
the  average  analysis  given  in  Table  7  is,  therefore,  very  similar  to 
what  should  be  expected  if  the  gas  were  scrubbed  for  light  oils. 

To  make  the  good  adjustment  of  this  burner  it  was  necessary 
to  have  the  air  shutter  about  three-fourths  open. 

The  results  of  the  efficiency  and  operation  tests  of  Burner  No.  1 
are  given  in  Table  8  and  Figures  18  and  19. 
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Fig.  18. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  coal  gas  of  523  B.  t.  u.  and 
burner  No.  I. 
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TABLE  7.— Average  Analysis  of  "525"  B.  t.  u.    Coal  Gas  Received  from  the 
Philadelphia  Gas  Works. 


CO? 

niuninaais. 

02 

CO 

CH4 

Hj 

I?- 


.percent..  2.0 

do....  3.3 

do 8 

c.o 8.2 

do....  28.9 

do....  49.3 

dc...  7.5 


Specific  gravity 444 

Koncombustibles per  cent . .  10. 3 


TABLE  8. 


-"525"  B.  t.  u.  Coal  Gas.  0.444  Specific  Gravity— Burner  No.  1,  43  Ports, 
No.  40  Drill— Utensil  1  3  '8  Inches  from  Burner. 


Time 

Pressure  in 
inches 

of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 

height. 

Flame 
height. 

1     required 
to  heat 

j   2  quarts  of 
water  from 
80  to  212"  F. 

Gas 

used. 

Effi- 
ciency. 

Ft.Vhr. 

B.t.u./ft.8 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.s 

Per  cent. 

1 

11.09 

523 

5,800 

0.27 

0.60 

15.75 

2.91 

36.1 

2 

15.85 

523 

8,290 

.34 

.80 

10.87 

2.88 

36.5 

3 

19.75 

523 

10,330 

.40 

1.05 

8.63 

2.84 

37.0 

4 

22.78 

523 

11,900 

.44 

1.20 

7.32 

2.78 

37.7 

5 

25.70 

523 

13,440 

.48 

1.30 

6.74 

2.89 

36.4 

3$ 
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(6)  BURNER  NO.  2. 

The  air  shutter  was  about  one-half  open  for  the  good  adjustment 
of  Burner  No.  2  with  this  gas.  This  gas  required  the  largest  air- 
shutter  opening  for  the  condition  of  good  adjustment  of  any  of 
the  gases  tested.  This  is  due  to  the  low  specific  gravity,  which 
was  0.44.  The  heating  value  of  this  coal  gas  is  nearly  the  same 
as  that  of  the  city  gas,  and  the  gas  rate  would  be  nearly  the  same 
to  give  a  uniform  B.  t.  u.  rate  per  hour.  But  the  specific  gravity 
of  the  coal  gas  is  much  less  than  that  of  city  gas,  and  hence  the 
amount  of  air  that  can  be  injected  per  cubic  foot  of  gas  is  less. 
Therefore,  it  was  necessary  to  open  the  air  shutter  to  a  greater 
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Fig.  20. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  coal  gas  of  524  B.  t.  u.  and 
burner  No.  2. 
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Fig.  21. — Primary  air-gas  ratio  obtained  with 
coal  gas  of  524  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.44. 


extent  in  order  to  draw  more  primary  air  into  the  burner  to  obtain 
the  same  good  adjustment. 

The  average  analysis  of  the  "525"  B.  t.  u.  coal  gas  is  reported 
in  Table  7. 

The  efficiency  and  operation  tests  of  this  burner  are  given  in 
Table  9  and  Figures  20  and  21 . 

TABLE  9.— "525"  B.  t.  u.  Coal  Gas,  0.444  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill— Utensil  1  3 '8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212° F. 

Gas 

used. 

Effi- 
ciency. 

Ft.3,nr. 

B.  t.  u./ft.» 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent 

1 

10.91 

524 

5,720 

0.32 

0.70 

13.94 

2.53 

41.4 

2 

15.83 

524 

8,290 

.37 

1.00 

10.31 

2.73 

38.4 

3 

19.73 

524 

10,340 

.42 

1.20 

8.77 

2.86 

36.7 

4 

22.89 

524 

12,000 

.50 

1.30 

7.41 

2.82 

37.2 

5 

26.03 

524 

13,650 

.53 

1.50 

6.48 

2.81 

37.4 

Berry,  Brumbaugh,  Eiseman,~\ 
Moulion,  Shawn  J 


Heating  Values  and  Burner  Adjustments.       39 


4.  TESTS  OF  "300"  B.  T.  U.  WATER  GAS. 

(a)  BURNER   NO.    1. 

To  make  the  good  adjustment  of  Burner  No.  i  with  "300" 
B.  t.  u.  water  gas  it  was  necessary  to  completely  close  the  air 
shutter  and  to  put  a  rubber  sleeve  over  the  shank  of  the  gas  cock 
to  stop  the  flow  of  air  through  the  hole  in  the  air  shutter.  Since 
"  300"  B.  t.  u.  water  gas  burns  more  rapidly  than  that  of  higher 
heating  value,  and  since  the  ratio  of  air  to  gas  required  for  com- 
plete combustion  is  so  much  less,  the  good  adjustment  occurs  with 
a  much  lower  ratio  of  primary  air  to  gas.  The  ratio  is  about  0.6. 
Burner  No.  1  consumed  33.5  feet 3  of  gas  at  the  good  adjustment 
for  3  inches  pressure  and  only  required  20. 1  feet 3  of  primary  air. 
If  one  wishes  to  use  "300"  B.  t.  u.  water  gas  with  this  burner, 
it  is  necessary  to  have  a  tight-fitting  air  shutter  or  to  reduce  the 
gas  pressure  in  order  to  reduce  the  injection  of  air  into  the  burner. 

The  average  analysis  of  the  "  300"  B.  t.  u.  water  gas  is  given  in 
Table  10. 

Table  1 1  and  Figures  22  and  23  contain  the  efficiency  and  opera- 
tion data  obtained  with  Burner  No.  1. 

Figure  23  is  very  interesting.  Burner  No.  1  could  be  made  to 
"  flash  back  "  at  all  rates  of  consumption  at  which  tests  were  made. 
This  is  the  only  gas  that  has  given  such  results  with  this  burner. 

Thcusandi  efStu  Ttr  Hour                 (jOO  Btu  fir  Cuiic  feet) 
e  i-f «3 7X 96 /to  M4  'S.S 


Sti  Ime  Trcssurt-  TncAej  cf  Wetcr 


Fig.  22. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  2QQ  B.  t.  u.  and 
burner  No.  I. 


7tntt  -  Cubic  feer  fir  Htur 


46      t4      -?6      «      n       60 


Fig.  23. — Primary  air-gas  ratio  obtained  with 
water  gas  of  2QQ  B.  t.  u.  and  burner  No.  I  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.574. 


TABLE  10.— Average  Analysis  of  "300"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 

Plant. 

CO2 per  cent . .    8. 2 

Illuminants .     .  ..do  1.4 

o2 ; 

CO 

CH, 

h2 ;; : ; 

N2 


do 

.       .3 

do 

.  34.0 

do.. 

.     1.9 

do 

.  50.4 

do 

.     3.8 

Specific  gravity 57 

Noncombustibles per  cent. .  12. 3 


4o 
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TABLE  11.— "300"  B.  t.  u.  Water  Gas,  0.574  Specific  Gravity— Burner  No.  1,  43  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 
used. 

Effi- 
ciency. 

Ft.8/hr. 

B.t.u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.' 

Per  cent. 

1 

19.16 

299 

5,730 

0.20 

0.50 

16.29 

5.20 

35.4 

2 

26.95 

299 

8,060 

.25 

.75 

11.17 

5.02 

36.7 

3 

33.46 

299 

10,000 

.28 

1.00 

8.85 

4.94 

37.3 

4 

38.90 

299 

11,630 

.32 

1.10 

7.48 

4.85 

38.0 

5 

42.70 

299 

12, 780 

.35 

1.25 

6.75 

4.80 

38.4 

(b)  BURNER   NO.  2. 


The  good  adjustment  of  Burner  No.  2  for  "300"  B.  t.  u.  water 
gas  was  made  by  closing  the  opening  between  the  air  mixer  and 
the  mixing  tube  with  asbestos  and  by  inserting  a  sheet  of  copper 


fressure  -  Inches  ef  Wafer 


Fig.  24. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  2QJ  B.  t.  u.  and 
burner  No.  2. 
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Fig.  2$. — Primary  air-gas  ratio  obtained  with 
water  gas  of  300  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.566. 


between  the  air-shutter  cap  and  the  air  mixer.  When  this  was 
done  practically  no  air  could  enter  the  burner.  All  the  required 
air  for  the  good  adjustment  entered  the  burner  through  a  hole 
about  three-sixteenth  inch  diameter  made  in  the  sheet  of  copper. 

The  average  analysis  of  the  "300"  B.  t.  u.  water  gas  is  given 
in  Table  10. 

Table  12  and  Figures  24  and  25  give  the  efficiency  and  com- 
plete operation  data  of  burner  No.  2  with  this  gas. 
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TABLE  12.— "300"  B.  t.  u.  Water  Gas,  0.566  Specific  Gravity— Burner  No.  2,  44 
Ports,  No.  40  Drill— Utensil  1  3  8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 
value. 

Quantity  of 

Cone 

Flame 

lequired 
to  heat 

Gas 

Effi- 

inches 
of  water. 

Gas  rate. 

heat 
supplied. 

height. 

height. 

2  quarts  of 
water  from 

used. 

ciency. 

80  to  212°  F. 

Ft.3lir. 

B.t.u.ft.3 

B.  t.  u.  "hi. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

18.82 

297 

5,590 

0.20 

0.55 

14.65 

4.59 

40.3 

26.96 

297 

8,000 

.25 

.75 

10.69 

4.80 

33.5 

32.89 

297 

9,740 

.28 

1.00 

9.02 

4.96 

37.5 

38.36 

297 

11,390 

.32 

1.25 

7.91 

5.04 

37.0 

5 

43.35 

297 

12,880 

.35 

1.40 

6.90 

5.05 

37.1 

5.  TESTS  OF  "350"  B.  T.  U.  WATER  GAS. 

(a)  BURNER  NO.  1. 

With  the  "350'*  B.  t.  u.  water  gas  it  was  necessary  to  have  the 
air  shutter  closed.  Sufficient  primary  air  for  good  adjustment 
entered  through  the  opening  around  the  shank  of  the  gas  cock 
and  a  small  opening  that  was  not  covered  by  the  cap  of  the  air 
shutter. 

The  average  analysis  of  the  "350"  B.  t.  u.  water  gas  is  given 
in  Table  13. 

The  efficiency  and  operation  data  are  found  in  Table  14  and 
Figures  26  and  27. 

Thousands  efStu  r\r  Hour       (J50  Etu  7%r  Cu  Ft; 
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Fig.    26. — Curves  showing   efficiency,  Fig.  27. — Primary  air-gas  ratio  obtained  with 

time  required,  and  cubic  feet  of  gas  water  gas  of  259  B.  t.  u.  and  burner  No.  I  at 

■used  to  heat  2  quarts  of  water  to  boil-  the  different  conditions  of  operation. 

ing  with  water  gas  of  336  B.  t.  u.  and  Specific  gravity  of  gas,  0.5S3. 
burner  No.  J. 

TABLE  13.— Average  Analysis  of  "350"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 

Plant. 

CO; per  cent. .     7. 4 

Illuminants do 3.2 


CO. 

CH4 
Ho.. 

N2.. 


.do 7 

.do....  34.1 
.do....    3.7 

.do 48.1 

.do....    2.8 


Specific  gravity 58 

Noncombustibles per  cent. .  10. 9 
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TABLE  14.— "350"  B.  t.  u.  Water  Gas,  0.58  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 

value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 

used. 

Effi- 
ciency. 

Ft.'/lir. 

B.t.u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

14.57 

356 

5,190 

0.22 

0.55 

17.47 

4.25 

36.4 

2 

21.34 

356 

7,600 

.27 

.77 

11.92 

4.24 

36.5 

3 

26.00 

356 

9,260 

.30 

1.00 

9.72 

4.21 

36.7 

4 

30.40 

356 

10, 820 

.35 

1.20 

8.18 

4.15 

37.3 

5 

34.33 

356 

12,230 

.40 

1.35 

7.11 

4.07 

38.0 

(6)   BURNER  NO.  2. 

All  of  the  primary  air  required  for  the  good  adjustment  of 
Burner  No.  2  with  "350"  B.  t.  u.  water  gas  entered  through  the 
loose-fitting  cap.  The  slot  opening  for  the  air-shutter  screw 
was  covered  with  a  piece  of  sheet  copper  and  the  opening  where 
the  mixing  tube  enters  the  air  mixer  was  closed  with  asbestos. 

The  average  analysis  of  the  "350"  B.  t.  u.  water  gas  is  given 
in  Table  13. 

The  efficiency  and  operation  data  of  burner  No.  2  are  given 
in  Table  15  and  Figures  28  and  29. 


Thousands  tfEtvUrHcur 


(3S0Bhj  TkrCu  ft) 
JtS. 


TtotfO  for  Complete  Combust/on 


flas* 


we  cn<:ined^h_eocd^st^ 


Cos  line  ?>esjure~  Inches  of Wafer 


FlG.  28. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  352  B.  t.  u.  and 
burner  No.  2. 


Fig.  29. — Primary  air-gas  ratio  obtained  with 
water  gas  of  352  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  6f  operation. 
Specific  gravity  of  gas,  0.576. 


TAELE  15. 


-"  350  "  B.  t.  u.  Water  Gas,  0.58  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 

used. 

Effi- 
ciency. 

Ft.3/lir. 

B.t.u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

13.72 

352 

4,830 

0.25 

0.60 

17.29 

3.95 

39.6 

2 

21.33 

352 

7,510 

.27 

.80 

11.35 

4.04 

38.6 

3 

26.04 

352 

9,170 

.30 

1.00 

9.60 

4.18 

37.4 

4 

30.55 

352 

10,750 

.33 

1.15 

8.29 

4.22 

37.2 

5 

34.46 

352 

12,130 

.36 

1.35 

7.29 

4.18 

37.4 
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6.  TESTS  OF  "400"  B.  T.  U.    WATER  GAS. 

(a)  BURNER  NO.  1. 

To  make  the  good  adjustment  with  this  heating  value  the  air 
shutter  was  almost  closed.  The  air  opening  was  between  2  and 
3  per  cent  of  the  maximum. 

The  average  analysis  of  the  "400"  B.  t.  u.  water  gas  is  given 
in  Table  16. 

Table  1 7  and  Figures  30  and  3 1  give  the  efficiency  and  complete 
operation  data  obtained  with  this  burner  and  "400"  B.  t.  u. 
water  gas. 

Tnoastnds  ofBtv  Fer  Hwr  (-tOO  Btu  /%/•  Cubic  Foot) 

_4«_ 


Gos  Une  Fissure- Inches  of  Water 


Fig.  30. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  $qq  B.  t.  u.  and 
burner  No.  I. 


Fig.  31. — Primary  air-gas  ratio  obtained  with 
water  gas  of  406  B.  t.  u.  and  burner  No.  I  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.585. 


TABLE  16.— Average  Analysis  of  "400"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 

Plant. 

CO» percent..  6.2 

niuminants 


O; 

CO. 

CH4. 
H?.. 

N2. .. 


.do....  4.5 
.do. 


do 

..33.6 

do 

..6.4 

do 

.43.8 

do 

..  5.3 

Specific  gravity 59 

Noncombustibles per  cent.  .11.7 


TABLE  17.—" 


400"  B.  t.  u.  Water  Gas,  0.595  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 
used. 

Effi- 
ciency. 

Ft.3/hr. 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

13.60 

399 

5,420 

0.25 

0.54 

17.01 

3.86 

35.6 

2 

19.71 

399 

7,870 

.28 

.78 

11.61 

3.81 

36.2 

2 

24.42 

399 

9,740 

.32 

.95 

9.19 

3.74 

37.0 

4 

28.21 

399 

11,260 

.36 

1.15 

7.75 

3.65 

37.9 

5 

32.17 

399 

12,840 

.40 

1.34 

6.64 

3.57 

38.6 
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(6)  BURNER  NO.  2. 

This  burner  can  not  be  operated  with  this  heating  value  gas 
when  adjusted  at  a  pressure  of  3  inches,  even  with  the  air  shutter 
completely  closed,  unless  much  of  the  remaining  primary  air 
opening  is  closed.  To  obtain  a  good  adjustment  asbestos  was 
used  to  completely  close  the  opening  where  the  mixing  tube 
enters  the  air  mixer  and  also  to  close  about  two-thirds  of  the  slot 
opening  for  the  air-shutter  screw. 

Interesting  information  obtained  with  this  burner  is  shown  by 
the  ''flash-back"  curve  given  in  Figure  33.  It  will  be  noted  that 
the  "flash-back"  curve  is  entirely  different  from  that  obtained 
with  Burner  No.  1  (see  Fig.  31)  and  with  this  same  heating- 
value  gas.     It  is  known  that  the  size  of  the  ports  and  the  com- 


TTnuserxf*  cf£fu  for /fwr 


(400 3tuTir  Cable  feet) 


n<jH  -  Cti/t  Fett  Or  H: 


1 1  ITTTl  J 


Fig.  33. — Primary  air-gas  ratio  obtained  with 
water  gas  0/406  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.583. 


-3 — '      J  4 

Sqs  Imk  T^euuiv  ■  Inches  of  Wcter 

Fig.  32. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  40 1  B.  t.  u.  and 
burner  No.  2. 

position  of  the  gas  are  factors  causing  "flash  back."  Burner 
No.  2  has  several  ports  larger  than  No.  40  drill,  through  which  it 
is  believed  the  flame  flashed  back  under  different  conditions  than 
those  at  which  the  "flash  back"  would  have  occurred  if  the  ports 
were  all  No.  40  drill  size.  It  would  seem  that  gases  of  lower 
heating  value  tend  to  disclose  such  defects.  However,  these 
factors  do  not  affect  the  operation  of  the  burner  when  properly 
adjusted. 

The  average  analysis  of  the  "400"  B.  t.  u.  water  gas  is  given 
in  Table  16. 

Table  18  and  Figures  32  and  33  contain  the  efficiency  and  com- 
plete operation  data  obtained  with  this  burner  and  "400"  B.  t.  u. 
water  gas. 


Berry,  Brumbaugh,  Eiseman,~\ 
Moulton,  Shawn  J 


Heating  Values  and  Burner  Adjustments.       45 


TABLE  18. 


-"400"  B.  t.  u.  Water  Gas,  0.595  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 
used. 

Effi- 
ciency. 

Ft.3/hr. 

B.t.u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

12.85 

401 

5,150 

0.23 

0.64 

16.98 

3.64 

37.8 

2 

19.18 

401 

7,700 

.26 

.88 

11.32 

3.62 

38.0 

3 

23.62 

401 

9,470 

.29 

.97 

9.08 

3.58 

38.4 

4 

27.54 

401 

11,050 

.33 

1.08 

7.76 

3.56 

38.6 

5 

30.85 

401 

12,350 

.36 

1.25 

7.10 

3.65 

37.7 

7.  TESTS  OF  "450"  B.  T.  U.  WATER  GAS. 

(a)  BURNER  NO.  1. 

To  test  water  gas  of  this  heating  value  with  Burner  No.  i  the 
same  orifice  was  used  as  in  the  tests  of  "500"  B.  t.  u.  city  gas  and 
and  "450"  B.  t.  u.  coke-oven  gas.  At  3  inches  pressure  less  heat 
units  were  delivered  per  hour  than  with  the  two  above  gases,  but 
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Fig.  34. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  454  B.  t.  u.  and 
burner  No.  I. 


0     *      *■      6     e     n     u     h     /«     /a    xo    S    3    Tu    S   5 
Hate  '  Cubic  Feet  fir  Hour 

^IG-  35- — Primary  air-gas  ratio  obtained  with 
water  gas  of  448  B.  t.  u.  and  burner  No.  I  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.614. 


it  was  decided  that  the  burner  still  received  an  ample  amount. 
In  order  to  secure  a  good  flame,  however,  the  air  shutter  had  to 
be  closed  until  it  was  about  8  per  cent  open.  The  reason  for  the 
air-shutter  readjustment  will  be  discussed  in  Section  VII  of  this 
report. 

The  average  analysis  of  the  "450"  B.  t.  u.  water  gas  is  given  in 
Table  19. 

Table  20  and  Figures  34  and  35  give  the  efficiency  and  complete 
operation  data  obtained  with  this  burner  and  "450"  B.  t.  u. 
water  gas. 

110180°— 22 3 
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TABLE  19.— Average  Analysis  of  "450"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 

Plant. 

CO-; percent..  5.2 

Wuminants do 5. 6 

O     .  .  do 3 

CO do 29.4 

CH4 do 100 

Hj  do. . .  .42. 2 

Ns do 7.3 

Specific  gravity 6!7 

Noncombustibles per  cent. .  12. 8 

TABLE  20.— "450"  B.  t.  u.  Water  Gas,  0.614  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill — Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 

Quantity  of 

heat 
supplied. 

Cone 

Flame 

required 
to  heat 

Gas 

Effi- 

inches 
of  water. 

Gas  rate. 

value. 

height. 

height. 

2  quarts  of 
water  from 

used. 

ciency. 

80  to  212°  F. 

Ft.3/hr. 

B.t.u./ft.8 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

11.44 

454 

5,200 

0.25 

0.55 

18.04 

3.44 

35.3 

2 

16.71 

454 

7,590 

.30 

.78 

11.73 

3.28 

37.0 

3 

20.75 

454 

9,420 

.35 

.90 

9.37 

3.24 

37.4 

4 

24.30 

454 

11,040 

.40 

1.00 

7.83 

3.17 

38.2 

5 

27.45 

454 

12,460 

.45 

1.15 

6.80 

3.11 

39.0 

(6)  BURNER  NO.  2. 

The  air  shutter  of  this  burner  was  completely  closed;  the  same 
as  with  "450"  coke-oven  and  "  500"  B.  t.  u.  city  gas,  which  was 
approximately  33  per  cent  coke-oven  gas.     The  flame  was  harder 


Thousand}  ef£tu  ftr  Hour 
ii«     ,     Sf 


ffSOJSfu  Ifier  Cubic  foot) 


Gas  Line  Pressure  ~  Inche i  afU'ufer 


Fig.  36. — Curves  skowing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  448  B.  t.  u.  and 
burner  No.  2. 


Rate  -  Cubit  Feet  ftr  Hour 


Fig.  37. — Primary  air-gas  ratio  obtained  with 
water  gas  of  447  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.620. 


than  that  which  we  consider  to  be  a  good  adjustment;  but  it  was 
impossible  to  secure  the  good  adjustment  without  stopping  the 
flow  of  some  of  the  air  that  entered  the  burner  through  the  slot 
opening  for  the  air-shutter  screw  or  some  of  that  which  entered 
through  the  loose  fitting  of  the  air  mixer.  It  was  decided  to 
test  the  burner  without  making  any  further  changes,  since  there 
was  no  trouble  from  flash  back  when  the  gas  was  turned  down. 
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The  analysis  of  the  "  450  "  B.  t.  u.  water  gas  is  given  in  Table  19. 
Table  21  and  Figures  36  and  37  give  the  efficiency  and  complete 
operation  data  with  this  burner. 

TABLE  21.— "450"  B.  t.  u.  Water  Gas,  0.614  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill — Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 

Quantity  of 

Cone 

Flame 

required 
to  heat 

Gas 

Effi- 

inches 
of  water. 

Gas  rate. 

value. 

supplied. 

height. 

height. 

2  quarts  of 
water  from 
80  to  212°  F. 

used. 

ciency. 

Ft.3/hr. 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

11.31 

448 

5,070 

0.20 

0.50 

16.86 

3.18 

38.6 

2 

16.78 

448 

7,520 

.25 

.75 

11.60 

3.25 

37.8 

3 

21.13 

448 

9,470 

.28 

.85 

9.26 

3.26 

37.7 

4 

24.12 

448 

10,810 

.30 

.95 

8.09 

3.26 

37.7 

5 

27.70 

448 

12,400 

.34 

1.18 

7.06 

3.26 

37.7 

8.  TESTS  OF  "500"  B.  T.  U.  WATER  GAS. 

(a)  BURNER  NO.  1. 

To  make  good  adjustment  with  "500"  B.  t.  u.  water  gas  the 
air  shutter  was  about  16  per  cent  open. 

The  average  analysis  of  the  gas  is  given  in  Table  22. 

Table  23  and  Figures  38  and  39  give  the  efficiency  and  complete 
operation  data  obtained  with  "  500"  B.  t.  u.  water  gas. 
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Fig.  38. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  505  B.  t.  u.  and 
burner  No.  I. 


Fig.  39. — Primary  air-gas  ratio  obtained  with 
water  gas  of  501  B.  t.  u.  and  burner  No.  I  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.633 


TABLE  22.— Average  Analysis  of  "500"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 

Plant. 

CO» per  cent. .    5.1 

Illuminants do 8.5 

Oj do 3 

CO do....  32.1 

CH4 do....  11.2 

H2 do....  38.9 

N2 do....    3.9 


Specific  gravity 641 

Noncombustibles per  cent. .    9. 3 
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TABLE  23.— "500"  B.  t.  u.  Water  Gas,  0.634  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 

Quantity  of 

Cone 

Flame 

required 
to  heat 

Gas 

Effi- 

of water. 

value. 

supplied. 

height. 

height. 

2  quarts  of 
water  from 

used. 

ciency. 

80  to  212°  F. 

Ft.3,hr. 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

11.11 

505 

5,620 

0.25 

0.50 

16.33 

3.02 

36.0 

2 

15.82 

505 

8,000 

.30 

.75 

11.15 

2.94 

37.1 

3 

19.60 

505 

9,900 

.35 

.90 

8.90 

2.91 

37.4 

4 

22.86 

505 

11,540 

.40 

1.10 

7.67 

2.91 

37.4 

5 

26.18 

505 

13,230 

.45 

1.30 

6.67 

2.91 

37.5 

(6)  BURNER  NO.  2. 

Completely  closing  the  air  shutter  allowed  a  little  too  much  au- 
to enter  the  burner  for  the  good  adjustment  and  a  piece  of  sheet 
metal  was  inserted  over  the  slot  for  the  air-shutter  screw  which 
practically  closed  the  opening. 

The  average  analysis  of  the  "  500  "  B.  t.  u.  water  gas  is  given  in 
Table  22. 

Table  24  and  Figures  40  and  41  contain  the  efficiency  and  opera- 
tion data  of  this  burner  with  "  500  "  B.  t.  u.  water  gas. 


Jlxusorxfs  efBrvTtft/evr 


(SOO  2tv  fkr  Cvtx  ftet) 


Gn  L*e  Ffvtsvre  -  Inches  vf  rVffv 

Fig.  40. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  0/503  B.  t.  u.  and 
burner  Xo.  2. 
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Fig.  41. — Primary  air-gas  ratio  obtained  with 
water  gas  of  501  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.633. 


TABLE  24.— "500"  B.  t.  u.  Water  Gas,  0.634  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 

Quantity  of 

Cone 

Flame 

required 
to  heat 

Gas 

Effi- 

of water. 

value. 

supplied. 

height. 

height. 

2  quarts  of 
water  from 
80  to  212°  F. 

used. 

ciency. 

Ft.'hr. 

B.t.u./ft.> 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent 

1 

10.91 

503 

5,450 

0.26 

0.75 

16.10 

2.93 

37.4 

2 

15.24 

503 

7,660 

.31 

.85 

11.60 

2.95 

37.1 

3 

18.95 

503 

9,540 

.37 

1.00 

9.45 

2.96 

37.0 

4 

21.70 

503 

10,910 

.41 

1.10 

8.20 

2.97 

36.9 

5 

24.98 

503 

12,560 

.45 

1.20 

6.91 

2.88 

38.0 
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9.  TESTS  OF  "550"  B.  T.  U.  WATER  GAS. 

(a)  BURNER  NO.  1. 

The  air  shutter  of  Burner  No.  i  was  about  20  per  cent  open  for 
the  good  adjustment  with  water  gas  of  this  heating  value.  This  is 
the  same  adjustment  that  was  made  for  "450"  B.  t.  u.  coke-oven 
and  "  500  "  B.  t.  u.  city  gas,  but  the  "  450  "  B.  t.  u.  coke-oven  gas 
had  a  specific  gravity  of  0.55,  the  "  500  "  B.  t.  u.  city  gas  a  specific 
gravity  of  0.62,  and  the  "  550  "  water  gas  a  specific  gravity  of  0.66. 

The  average  analysis  of  "440"  B.  t.  u.  water  gas  is  given  in 
Table  25. 

Table  26  and  Figures  42  and  43  give  the  efficiency  and  complete 
operation  data  of  Burner  No.  1  with  "  550"  B.  t.  u.  water  gas. 


far 


ratio  for  Comp/efe  Co. 


I    I    I    I    I    I    I 

Fqfte  for  Camp/eft  Cort6irtt/co 


^ 


S2*v* 


Trtmory  A,r-6a%  Tfctio  Ctfomerfwtth  Good  Adjustment 

X   >  1  y 


Fig.  42. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of 557  B.  t.u.  and 
burner  No.  1. 

TABLE  2; 


Fig.  43. — Primary  air-gas  ratio  obtained  with 
water  gas  of  558  B.  t.  u.  and  burner  No.  1  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.662. 


-Average  Analysis  of  "550"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 
Plant. 

CO: per  cent. .      4.  2 

DliminaiiU do 10.  7 

O2 do 2 

CO do 32.0 

CHi do....    12.7 

H2 do....     35.5 

No do....      4.7 

Specific  gravity 66 

Noncombustibles per  cent. .      9. 1 

TABLE  26.— "550"  B.  t.  u.  Water  Gas,  0.657  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill — Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 

Quantity  of 

beat 
supplied. 

Cone 

Flame 

required 
to  beat 

Gas 

Effi- 

of water. 

value. 

heigbt. 

beigbt. 

2  quarts  of 
water  from 

used. 

ciency. 

80  to  212°  F. 

Ft.3/hr. 

B.  t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

9.69 

549 

5,300 

0.25 

0.50 

17.79 

2.87 

35.0 

2 

13.95 

549 

7,660 

.30 

.70 

12.00 

2.78 

36.1 

3 

16.68 

557 

9,290 

.35 

.90 

9.51 

2.64 

37.3 

4 

19.33 

557 

10,930 

.40 

1.10 

8.05 

2.59 

38.1 

5 

22.22 

557 

12,390 

.45 

1.30 

6.86 

2.54 

38.9 

5° 
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(6)  BURNER  No.  2. 

Completely  closing  the  air  shutter  still  allowed  a  little  too  much 
air  to  enter  the  burner.  The  flame  was  a  little  too  hard,  so  a 
piece  of  thin  sheet  metal  was  inserted  between  the  air-shutter  cap 
and  air  mixer,  and  over  the  slot  for  the  air-shutter  screw.  This 
was  not  the  equivalent  of  closing  the  slot  because  the  piece  of  in- 
serted sheet  metal  did  not  permit  as  close  a  fit  between  the  air- 
shutter  cap  and  air-shutter  mixer  as  there  was  before  the  in- 
sertion. 

The  analysis  of  the  "550"  B.  t.  u.  water  gas  is  given  in  Table  25. 

Table  27  and  Figures  44  and  45  give  the  efficiency  and  operation 
data  obtained  with  Burner  No.  2  and  "550"  B.  t.  u.  water  gas. 

Thousands  cfjitu  T&  fhur             (550  fito  Tfe/*  Cvfrc  Foot) 
0  xjc ±± 6.6  &6 ft  6  /J.A 

— 1 — 1 — 1 — 1 — 1 — r 


a.     ..  y    Ab    xa     jo 


Gai  Line  frcsjvre  "  Jnohci   of  Water 


FlG.  44. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  54Q  B.  t.  u.  and 
burner  No.  2. 


Kotr  -  Cnhiz  Feel  rkr  Hour 


Fig.  45. — Primary  air-gas  ratio  obtained  with 
water  gas  of  552  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.662. 


TABLE  27.— "550"  B.  t.  u.  Water  Gas,  0.657  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212°  F. 

Gas 

used. 

Effi- 
ciency. 

Ft.»/hr. 

B.t.u./ft.3 

B.t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

9.31 

549 

5,110 

0.25 

0.50 

17.45 

2.71 

37.0 

2 

13.54 

549 

7,440 

.30 

.70 

11.70 

2.64 

38.0 

3 

16.68 

549 

9,160 

.35 

.90 

9.57 

2.66 

37.7 

4 

19.45 

549 

10,690 

.40 

1.10 

8.30 

2.70 

37.0 

5 

22.61 

549 

12,420 

.43 

1.28 

7.40 

2.78 

36.0 

10.  TESTS  OF  "600"  B.  T.  U.  WATER  GAS. 

(a)  BURNER  No.  1. 

The  air-shutter  setting  for  the  good  adjustment  of  Burner  No.  i 
was  about  50  per  cent  open.  After  the  tests  were  in  progress  it 
was  observed  that  if  one  opening  of  the  air  shutter  was  closed  by 
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holding  a  finger  over  it  the  flame  was  slightly  harder  than  that  of 
the  good  adjustment.  This  is  contrary  to  what  should  be  expected 
when  half  of  the  primary  air  opening  is  closed  after  a  good  adjust- 
ment is  made.  The  cause  of  the  irregularity  was  not  thoroughly 
investigated,  but  is  believed  that  it  was  caused  by  a  slight  dis- 
alignment  of  the  gas  stream  with  the  injecting  tube  of  the  burner. 
This  matter  does  not  affect  our  results,  but  shows  the  importance 
of  having  the  gas  stream  in  correct  alignment  with  the  injecting 
tube  of  the  burner  where  burners  are  operated  with  a  very  low 
pressure  and  gas  of  a  high  heating  value,  otherwise  sufficient  air 
may  not  be  injected  into  the  burner  to  secure  a  good  flame. 

The  average  analysis  of  "600"  B.  t.  u.  water  gas  is  given  in 
Table  28. 

Table  29  and  Figures  46  and  47  give  the  efficiency  and  complete 
operation  data  of  Burner  No.  1  with  "600"  B.  t.  u.  water  gas. 
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Fig.  46. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  608  B.  t.  u.  and 
burner  No.  1. 
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Fig.  47. — Primary  air-gas  ratio  obtained  with 
water  gas  of  608  B.  t.  u.  and  burner  No.  1  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.682. 


TABLE  28.— Average  Analysis  of  "600"  B.  t.  u.  Water  Gas  Made  at  Spring  Gardens 

Plant. 

CO2 Percent..     4.8 

Iilurninants do 12.  8 

O2 do 3 

CO do....  29.2 

CH4 do....  14.  2 

H2 do. ...  35.  0 

Nj do....    3.7 

Specific  gravity 676 

Noncombustibfes Per  cent . .    8.8 
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TABLE  29.— "600"  B.  t.  u.  Water  Gas,  0.682  Specific  Gravity— Burner  No.  1,  48  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 

Heating 

Quantity  oi 

Cone 

Flame 

required 
to  heat 

Gas 

Effi- 

of water. 

value. 

supplied. 

height. 

height. 

2  quarts  of 
water  from 

80  to  212°  F. 

used. 

ciency. 

Ft.»/hr. 

B.  t.  u./ft.8 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

9.17 

608 

5,500 

0.25 

0.50 

16.85 

2.57 

35.2 

2 

12.91 

608 

7,860 

.33 

.75 

11.77 

2.50 

36.2 

3 

15.92 

608 

9,680 

.40 

.95 

9.14 

2.43 

37.3 

4 

18.50 

608 

11,250 

.45 

1.15 

7.85 

2.42 

37.4 

5 

21.03 

608 

12,800 

.50 

1.35 

6.90 

2.42 

37.5 

(6)  BURNER  No.  2. 

The  air  shutter  was  completely  closed  for  the  good  adjustment 
of  Burner  No.  2  because  enough  primary  air  entered  the  burner 
through  the  slot  for  the  air-shutter  screw,  the  loose-fitting  shutter, 
and  the  opening  where  the  mixing  tube  enters  the  air  mixer. 

The  average  analysis  of  the  "600"  B.  t.  u.  water  gas  is  given 
in  Table  28. 

Table  30  and  Figures  48  and  49  contain  the  efficiency  and  opera- 
tion data  of  Burner  No.  2  with  "  600  "  B.  t.  u.  water  gas. 
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Fig.  48. — Curves  showing  efficiency, 
time  required,  and  cubic  feet  of  gas 
used  to  heat  2  quarts  of  water  to  boil- 
ing with  water  gas  of  608  B.  t.  u.  and 
burner  No.  2. 


note -Cubic  fetf  fer  Hour 


tt    u    .-« 


Fig.  49. — Primary  air-gas  ratio  obtained  with 
water  gas  of  608  B.  t.  u.  and  burner  No.  2  at 
the  different  conditions  of  operation. 
Specific  gravity  of  gas,  0.680. 


TABLE  30.— "600"  B.  t.  u.  Water  Gas,  0.680  Specific  Gravity— Burner  No.  2,  44  Ports, 
No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 


Time 

Pressure  in 
inches 
of  water. 

Gas  rate. 

Heating 
value. 

Quantity  of 

heat 
supplied. 

Cone 
height. 

Flame 
height. 

required 

to  heat 

2  quarts  of 

water  from 

80  to  212° F. 

Gas 

used. 

Effi- 
ciency. 

Ft.'/hr. 

B.t.  u./ft.3 

B.  t.  u./hr. 

Inch. 

Inches. 

Minutes. 

Feet.3 

Per  cent. 

1 

8.68 

608 

5,280 

0.30 

0.60 

15.35 

2.22 

40.7 

2 

12.80 

608 

7,780 

.35 

.80 

10.86 

2.32 

39.0 

3 

15.40 

608 

9,360 

.40 

.95 

9.10 

2.33 

38.9 

4 

18.18 

608 

11,050 

.45 

1.15 

7.89 

2.33 

38.9 

5 

20.89 

608 

12,700 

.50 

1.35 

6.91 

2.40 

37.6 

Berry,  Brumbaugh,  Eisenian,~\ 
Moulton,  Shawn  J 
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11.  TESTS  FOR  CARBON  MONOXIDE  IN  THE  PRODUCTS  OF  COMBUSTION. 

The  products  of  combustion  from  the  preceding  tests  were 
analyzed  in  order  to  determine  whether  any  carbon  monoxide  was 
produced.  The  analyses  show  that  with  the  "regular"  burners 
used  on  gas  ranges,  when  properly  adjusted,  practically  no  carbon 
monoxide  was  produced  with  any  of  the  gases  tested  unless  gas 
was  burned  at  a  rate  greater  than  about  12,000  B.  t.  u./hr.  Since 
gas  is  seldom  burned  above  this  rate  with  burners  of  "regular" 
size  the  danger  from  carbon-monoxide  poisoning  is  very  remote 
if  the  burners  are  properly  adjusted.  When  gas  was  burned 
above  this  rate,  the  amount  of  carbon  monoxide  produced  was 
such  as  would  cause  headaches  in  a  poorly  ventilated  room. 

For  the  larger  top  burners,  which  are  commonly  designated  as 
"giant"  burners,  the  limitation  of  12,000  B.  t.  u./hr.  does  not 
apply,  although  no  tests  have  been  made  to  determine  the  maxi- 
mum safe  consumption  for  these  burners. 

The  heating  value  of  the  gas  or  the  kind  of  gas  did  not  seem  to 
be  factors  affecting  the  production  of  carbon  monoxide. 


12.  SUMMARY  OF  GAS  ANALYSES. 

The  average  analyses  of  the  different  gases  tested  are  given  in 
Table  31.  To  make  the  theoretical  calculations  shown  at  the 
bottom  of  the  table,  it  was  assumed  that  the  constituents  of  the 
illuminants  of  water  gas  averaged  C2.6  H6.6,  and  that  the  illuminants 
of  coke-oven  and  coal  gas  averaged  C2H5. 

TABLE  31. — Average  Analyses  of  Gases  Tested  at  Spring  Gardens. 


Kind  of  gas. 


City 
gas.' 


Nominal  heating  value  (B.  t.  u.  per 
cubic  foot) 


Coke 
oven 
gas. 


450 


Coal 
gas. 


525 


Water  gas. 


350 


400 


450 


500 


600 


Constituents  : 

CO2 per  cent . 


El. 

o2.. 

CO. 

CH< 
H2.. 

N,.. 


.do. 

.do.. 

.do.. 

.do.. 

.do.. 

.do.. 


Heating  value  (B.  t.  u.  per  cubic  foct, 

calorimeter) 

Specific  gravity  (air=1.0) 

Noncombustibles per  cent. . 

Required    for    completely  „,K.„  .„  . 

Cubic  feet  C02  produced  |Per.  cubic  foot 
by  combustion (p^fe."^ 

Cubic  feet  water  vapor  [per  cubic  foot 

produced  by  combus-  \    of  gas 

'ion [per  1,000  B.t.u. 


4.1 
6.5 

21.5 

16.2 
36.6 
14.3 

496 
0.619 
10.2 

.883 
4.22 

|  .587 
1.48 

}  .905 
1.83 


3.2 
3.0 
1.0 
9.6 

22.8 
41.5 
18.9 

450 
0.542 
23.1 

.799 
3.82 

.416 
.925 

.946 
2.10 


2.0 

3.3 
.8 

8.2 
28.9 
49.3 

7.5 


8.2 

1.4 

.3 

34.0 

1.9 
50.4 

3.8 


7.4 

3.2 

.7 

34.1 

3.7 
48.1 

2.8 


524       298       354 
0.444!  0.570   0.580 
10.90 


.613 
2.93 


.965 
4.61 

.516 
2.46 

.457 

.477 

.872 

1.60 

1.15 

.588 

2.20 

1.97 

1.51 

.661 
1.87 


6.2 

4.5 

.2 

33.6 

6.4 
43.8 

5.3 

400 
0.590 
11.7 

.704 
3.36 

.579 
1.45 

.715 
1.79 


5.2 

5.6 

.3 

29.4 

10.0 

42.2 

7.3 

451 
0.617 
12.8 

.793 
3.79 

.591 
1.31 

.807 
1.79 


5.1 
8.5 
.3 
32.1 
11.2 
38.9 
3.9 

501 

0.641 
9.3 

.940 
4.49 

.705 
1.41 

.894 
1.79 


4.2 
10.7 
.2 
32.0 
12.7 
35.5 

4.7 

556 
0.660 
9.1 

1.094 
4.99 

.767 
1.38 

.962 
1.73 


4.8 
12.8 
.3 
29.2 
14.2 
35.0 

3.7 

603 
0.676 


1.148 
5.47 

.815 
1.35 

1.06 
1.76 


1  City  gas  contained  approximately  one-third  coke-oven  gas  and  two-thirds  water  gas. 
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13.  COMPARISON  OF  RESULTS  WITH  GASES  OF  DIFFERENT  HEATING 

VALUES. 

i .  Within  the  range  of  gas  consumption  normally  used  in  top- 
burner  cooking  there  will  be  some  variations  in  the  efficiency  with 
the  rate  of  heating.  Since  this  is  the  case,  it  appears  logical  that 
for  an  exact  comparison  of  the  efficiencies  of  gases  of  different 
heating  values  the  burners  must  be  supplied  with  the  same  total 
quantity  of  heat  units  per  hour. 

2.  From  observations  made  by  the  bureau  during  service  inves- 
tigations in  a  large  number  of  cities  and  from  laboratory  tests 
made  at  the  bureau  it  has  been  observed  that  a  good  average  adjust- 
ment on  a  regular  burner  will  represent  a  consumption  of  about 
9,000  B.  t.  u./hr.  An  adjustment  for  this  rate  will  allow  a  varia- 
tion in  gas  pressure  which  will  be  within  the  usual  legal  require- 
ments without  causing  poor  service  or  loss  in  efficiency.  For  an 
example,  a  burner  adjusted  to  9,000  B.  t.  u.  at  3  inches  pressure 
will  consume  7,000  B.  t.  u.  at  1 .8  inches  and  will  not  exceed  1 1 ,000 
B.  t.  u.  at  4.4  inches  pressure. 

TABLE  32. — Summary  of  Tests  for  Rate  of  Consumption  of  7,000  B.  t.  u.  per  Hour — 
Burner  No.  1,  48  Ports,  No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 

CITY  GAS  (ONE-THIRD  COKE-OVEN  GAS,  TWO-THIRDS  WATER  GAS). 


Heating  value. 

Specific 

gravity 

(air=l). 

Gas 

rate 
(actual). 

Good  adjustment  of 
burner. 

Time, 
required 
to  heat 
2  quarts 
of  water 
from  80  to 
212°  F. 

Gas 
used. 

Effi- 
ciency. 

Nominal. 

Actual. 

Primary 

air-gas 

ratio. 

B.  t.  u.  per 
cubic  foot 
of  mixture. 

B.  t.  U./ft.3     |B.t.U./ft.3 

500                 492 

1 

0.618 

Ft.3/hr. 
14.23 

2.15 

156 

Minutes. 
13.2 

Foot.3 
3.12 

Per  cent. 
35.8 

COKE-OVEN  GAS. 


450 


447  0. 55 


15.66               2.0 

1 

149 

13.3 

3.46 

COAL  GAS. 


525  523  0.444  13.38  2.10  169  13.0  2.90  36.3 


WATER  GAS. 


300 

299 

0.574 

23.40 

0.58 

189 

13.1 

5.10 

36.1 

350 

356 

.583 

19.65 

.88 

189 

13.0 

4.25 

36.4 

400 

399 

.595 

17.54 

1.26 

177 

13.1 

3.83 

36.0 

450 

454 

.614 

15.42 

1.52 

180 

13.0 

3.33 

36.4 

500 

505 

.634 

13.86 

1.90 

179 

12.9 

2.97 

36.6 

550 

557 

.657 

12.57 

2.40 

164 

13.2 

2.77 

35.7 

600 

608 

.682 

11.51 

2.47 

» 

13.2 

2.53 

35.8 
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TABLE  33.— Summary  of  Tests  for  Rate  of  Consumption  of  9,000  B.  t.  u.  per  Hour — 
Burner  No.  1,  48  Ports,  No.  40  Drill — Utensil  1  3/8  Inches  from  Burner. 

CITY  GAS  (ONE-THIRD  COKE-OVEN  GAS,  TWO-THIRDS  WATER  GAS). 


Heating  value. 

Specific 
gravity 
(air=l). 

Gas 

rate 

(actual). 

Good  adjustment  of 
burner. 

Time. 

required 
to  heat 
2  quarts 
of  water 

from  80  to 
212°  F. 

Gas 
used. 

Effi- 
ciency. 

Nominal. 

Actual. 

Primary 
air-gas 
ratio. 

B.  t.  u.  per 
cubic  foot 
of  mixture. 

B.  t.  u./ftV» 
500 

B.t.U./ft.3 

492 

0.618 

Ft.a/hr. 
18.30 

2.23 

153 

Minutes. 
10.0 

Foot.3 
3.05 

Per  cent. 
36.6 

COKE-OVEN  GAS. 


450 


0.55 


2.06 


9.9 


3.33 


36.9 


COAL  GAS. 


525 


523 


169 


WATER  GAS. 


10.0 


300 

299 

0.574 

30.10 

0.61 

186 

9.9 

4.97 

37.0 

350 

356 

.583 

25.28 

.92 

185 

10.0 

•  4.21 

36.7 

400 

399 

.595 

22.55 

1.32 

172 

10.0 

3.75 

36.7 

450 

454 

.614 

19.81 

1.53 

180 

9.9 

3.26 

37.2 

500 

505 

.634 

17.83 

1.95 

171 

9.8 

2.86 

37.3 

550 

557 

.657 

16.16 

2.45 

161 

9.9 

2.66 

37.1 

600 

608 

.682 

14.80 

2.48 

175 

10.0 

2.46 

36.8 

TABLE  34. — Summary  of  Tests  for  Rate  of  Consumption  of  11,000  B.  t.u.  per  Hour- 
Burner  No.  1,  48  Ports,  No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 

CITY  GAS  (ONE-THIRD  COKE-OVEN  GAS,  TWO-THIRDS  WATER  GAS). 


Heating  value. 

Specific 
gravity 
(air=l). 

Gas 

rate 
(actual). 

Good  adjustment  of 
burner. 

Time 
required 
to  heat 
2  quarts 
of  water 
from  80  to 
212°  F. 

Gas 
used. 

Effi- 
ciency. 

Nominal.        Actual. 

Primary 
air-gas 
ratio. 

B.  t.u.  per 
cubic  foot 
of  mixture. 

B.  t.  u./ft.3 
500 

B.t.  u./ft. » 
492 

0.618 

Ft.3/hr. 
22.35 

2.28 

150 

Minutes. 

7.9 

Feet.' 
2.94 

Per  cent. 
38.0 

COKE-OVEN  GAS. 


450  447  0. 55 


24.60 


3.27 


525  523  0. 444 


COAL  GAS. 


2.12 


WATER  GAS. 


300 

299 

0.574 

36.80 

0.63 

184 

8.0 

4.88 

37.7 

350 

356 

.583 

30.90 

.95 

183 

8.0 

4.13 

37.4 

400 

399 

.595 

27.57 

1.36 

169 

8.0 

3.67 

37.6 

450 

454 

.614 

24.22 

1.54 

179 

7.9 

3.17 

38.2 

500 

505 

.634 

21.78 

1.96 

171 

8.0 

2.91 

37.4 

550 

557 

.657 

19.75 

2.48 

160 

•7.9 

2.58 

38.2 

600 

608 

.682 

18.09 

2.48 

177 

8.0 

2.42 

37.4 
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(a)  RESULTS  WITH  BURNER  NO.  1. 

The  results  of  tests  of  the  gases  of  various  heating  values  with 
Burner  No.  i  for  rates  of  consumption  of  7,000,  9,000,  and  11,000 
B.  t.  u./hr.  are  shown  in  Tables  32,  33,  and  34,  respectively. 

Values  of  efficiency  obtained  with  the  various  heating  values, 
the  corresponding  rates  of  consumption  in  cubic  feet  per  hour,  and 
the  time  required  to  heat  2  quarts  of  water  to  boiling  from  8o°  F., 
as  given  in  Table  33  (9,000  B.  t.  u./hr.) ,  have  been  plotted  in  Figure 
50.  The  tests  proved  conclusively  that  when  the  regular  burner 
No.  1,  which  is  placed  \yi  inches  from  the  utensil,  consumed  gas 


3> 


:s 


Time    Required  to  Heat  /?  Quants  of 
Water    from    60" F  to  Boilina 


J£"0  'tCC  -i-SQ  500 

3tu   Per  Cubic  Foot 


550 


600 


Fig.  50. — Curves  showing  efficiency,  rate  of  consumption,  and  thne  required  to  heat  2 
quarts  of  water  from  80°  F.  to  boiling  when  burner  No.  I  is  operated  at  g,ooo  B.  t.  u. 
per  hour  with  gases  of  various  heating  values. 

at  the  rate  of  9,000  B.  t.  u./hr.,  all  the  different  gases,  irrespective 
of  the  kind  of  gas  or  B.  t.  u.  content  per  cubic  foot,  gave  a  constant 
efficiency  of  about  37  per  cent,  at  least  within  the  range  of  heating 
values  used  in  these  tests  (300  to  600  B.  t.  u.) .  The  time  required 
to  heat  2  quarts  of  water  to  boiling  from  8o°  F.  with  9,000 
B.  t.  u./hr.  was  about  10  minutes. 

At  a  rate  of  7,000  B.  t.  u./hr.  an  average  efficiency  of  about  36 
per  cent  was  obtained  (see  Table  32),  and  about  13  minutes  were 
required  to  heat  2  quarts  of  water  to  boiling  from  8o°  F.  For  a 
rate  of  11,000  B.  t.  u./hr.  the  average  efficiency  was  about  37.7 
per  cent  (see  Table  34),  and  the  time  required  to  heat  2  quarts  of 
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water  to  boiling  from  8o°  F.  was  about  8  minutes.  These  results 
show  that  the  efficiency  of  heat  absorption  varies  only  slightly 
with  a  change  in  the  rate  of  heat  supply.  It  follows,  therefore, 
that  the  rate  of  heating  varies  almost  directly  with  the  rate  of 
supply  of  heat. 

(fc)  RESULTS  WITH  BURNER  NO.  2. 

The  efficiencies  obtained  with  the  gases  of  different  heating  value 
when  Burner  No.  2  was  used  are  very  similar  to  those  obtained 
with  Burner  Xo.  1.     Both  burners  were  iy&  inches  from  top  of 


JCO 


3S0  -too  450  5Q0 

JBfu   Per  Cubic  Foot 


SSO 


600 


Fig.  51. — Curves  showing  efficiency,  rate  of  consumption,  and  time  required  to  heat  2 
quarts  of  water  from  80°  F.  to  boiling  when  burner  No.  2  is  operated  at  9,000  B.  t.  u. 
per  hour  with  gases  of  various  heating  values. 

grid  (bottom  of  utensil),  but  Burner  No.  2  has  four  ports  less 
than  No.  1  and  is  3  Y%  inches  in  diameter,  while  No.  1  is  4^  inches 
in  diameter. 

Tables  35,  36,  and  37,  for  rates  of  consumption  of  7,000,  9,000, 
and  11,000  B.  t.  u./hr.,  respectively,  show  the  efficiencies  and 
operation  data  obtained  with  the  gases  of  different  heating  values 
with  this  burner.  Values  from  Table  36  (9,000  B.  t.  u./hr.) 
have  been  plotted  in  Figure  5 1 .  The  results  show  that  with  gases 
of  different  heating  value  and  a  consumption  of  9,000  B.  t.  u./hr. 
an  average  efficiency  of  about  37.8  per  cent  was  obtained  and  the 
time  required  to  heat  2  quarts  of  water  to  boiling  from  8o°  F.  was 
about  9.7  minutes. 
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TABLE  35. — Summary  of  Tests  for  Rate  of  Consumption  of  7,000  B.  t.  u.  per  Hour — 
Burner  No.  2,  44  Ports,  No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 

CITY  GAS  (ONE-THIRD  COKE-OVEN  GAS,  TWO-THIRDS  WATER  GAS). 


Heating  value. 

Specific 
gravity 

(air=l). 

Gas 

rate 
(actual). 

Good  adjustment  of 
burner. 

Time 
required 
to  heat 
2  quarts 
of  water 
from  80  to 
212°  F. 

Gas 
used. 

Effi- 
ciency. 

Nominal.    '    Actual. 

Primary 
air-gas 
ratio. 

B.t.u.per 
cubic  foot 
of  mixture. 

B.t.u./ft.3    B.t.u.ft.3 
500                 492 

0.624 

Ft.3/hr. 
14.22 

1.81 

175 

Minutes. 
12.8 

Feet.' 
3.02 

Percent. 
37.0 

COKE-OVEN  GAS. 


450 


453 


0.54 


15.45 


1.61 


37.7 


COAL  GAS. 


525 


172 


39.9 


WATER  GAS. 


300 

297 

0.566 

23.57 

0.51 

197 

12.1 

4.74 

39.1 

350 

352 

.576 

19.88 

.84 

191 

12.2 

4.05 

38.6 

400 

401 

.595 

17.45 

1.27 

177 

12.5 

3.62 

37.9 

450 

448 

.614 

15.63 

1.77 

162 

12.4 

3.23 

38.0 

500 

503 

.634 

13.91 

1.73 

184 

12.7 

2.94 

37.2 

550 

549 

.657 

12.75 

2.08 

178 

12.5 

2.64 

37.9 

600 

608 

.680 

11.51 

2.37 

181 

12.0 

2.30 

39.4 

TABLE  36. — Summary  of  Tests  for  Rate  of  Consumption  of  9,000  B.  t.  u.  per  Hour- 
Burner  No.  2,  44  Ports,  No.  40  Drill— Utensil  1  3/8  Inches  from  Burner. 

CITY  GAS  (ONE-THIRD  COKE-OVEN  GAS,  TWO-THIRDS  WATER  GAS). 


Heating  value. 

Specific 
gravity 
(air=l). 

Gas 

rate 
(actual). 

Good  adjustment  of 
burner. 

Time 
required 
to  heat 
2  quarts 
of  water 
from  80  to 
212°  F. 

Gas 
used. 

Effi- 
ciency. 

Nominal. 

Actual. 

Primary 
air-gas 
ratio. 

B.t.u.per 
cubic  foot 
of  mixture. 

B.  t.  U./ft.3 

500 

B.t.u./ft.3 
492 

0.624 

Ft.'/hr. 
18.30 

1.87 

171 

Minutes. 
9.8 

Feet.3 
3.00 

Per  cent. 
37.3 

COKE-OVEN  GAS. 


3.22 


37.7 


525 


0.444 


COAL  GAS. 


17.16 


9.7 


2.78 


37.8 


WATER  GAS. 


300 

297 

0.566 

30.30 

0.52 

195 

9.7 

4.89 

37.9 

350 

352 

.576 

25.58 

.90 

185 

9.8 

4.15 

37.6 

400 

401 

.595 

22.44 

1.30 

174 

9.6 

3.58 

38.3 

450 

448 

.614 

20.10 

1.87 

156 

9.7 

3.26 

37.7 

500 

503 

.634 

17.89 

1.81 

179 

9.9 

2.95 

37.0 

550 

549 

.657 

16.40 

2.18 

173 

9.7 

2.65 

37.8 

600 

608 

.680 

14.80 

2.45 

176 

9.4 

2.33 

38.9 
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TABLE  37. — Summary  of  Tests  for  Rate  of  Consumption  of  11,000B.  t.  u.  per  Hour — 
Burner  No.  2,  44  Ports,  No.  40  Drill — Utensil  13/8  Inches  from  Burner. 

CITY  GAS  (ONE-THIRD  COKE-OVEN  GAS,  TWO-THIRDS  WATER  GAS). 


Heating  value. 

Specific 
gravity 
(air=l). 

Gas 
rate 

(actual). 

Good  adjustment  of 
burner. 

Time 
required 
to  heat 
2  quarts 
of  water 
from  80  to 
212°  F. 

Gas 

used. 

Effi- 
ciency. 

Nominal. 

Actual. 

Primary 
air-gas 
ratio. 

B.t.u.per 
cubic  foot 
of  mixture. 

B.  t.  u./ft.« 
500 

B.t.u./ft.s 
492 

0.624 

Ft.«/hr. 

22.35 

1.90 

170 

Minutes. 
8.0 

Feet.3 
2.98 

Per  cent. 

37.5 

COKE-OVEN  GAS. 


450  453  0. 540 


3.24 


COAL  GAS. 


525  524  0. 444 


2.86 


36.7 


WATER  GAS. 


300 

297 

0.566 

37.03 

0.53 

194 

8.1 

4.99 

37.1 

350 

352 

.576 

31.25 

.99 

177 

8.1 

4.21 

37.1 

400 

401 

.595 

27.42 

1.35 

171 

7.8 

3.55 

38.6 

450 

448 

.614 

24.54 

1.94 

153 

8.0 

3.26 

37.6 

500 

503 

.634 

21.86 

1.85 

176 

8.1 

2.96 

36.9 

550 

549 

.657 

20.03 

2.27 

168 

8.1 

2.72 

36.9 

600 

608 

.680 

18.08 

2.48 

175 

7.7 

2.32 

38.9 

(c)  EFFECT  OF  ROOM  TEMPERATURE   ON  EFFICIENCY  TESTS. 

Some  investigators  claim  that  in  order  to  get  consistent  and 
reproducible  results  in  the  efficiency  values  it  is  necessary  to  have 
a  very  constant  room  temperature.  In  these  tests  it  was  impos- 
sible to  control  the  room  temperature,  but  in  making  a  study  of  the 
efficiency  results  and  the  room  temperature  at  the  time  of  the 
tests,  it  is  impossible  to  find  any  indication  that  the  variation  in 
temperature  affected  the  results. 

Table  38  shows  average  room  temperatures  during  the  time  that 
each  series  of  efficiency  tests  were  made. 


TABLE  38. — Average  Room  Temperatures  During  Efficiency  Tests. 


Kind  of  gas 

Water  gas. 

City 
gas. 

Coke- 
oven 

gas. 

Coal 

gas. 

Nominal  heating  value 
(B.  t.  u.  per  cubic  foot) . 

300 

350 

400 

450 

500 

550 

600 

500 

450 

525 

Room  temperature: 

Burner  No.  1 

Burner  No.  2 

82 
79 

86 
86 

94 
99 

98 
92 

83 
79 

87 
88 

82 
83 

80 
89 

84 
85 

75 

77 
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14.  ADJUSTMENT   OF  BURNERS  FOR   GASES   OF  DIFFERENT  HEATING 
VALUE  AND  SPECIFIC  GRAVITY. 

The  different  factors  that  enter  into  the  proper  adjustment  of 
a  burner  are  (1)  heating  value  of  the  gas;  (2)  quantity  of  heat 
required;  (3)  kind  of  gas;  (4)  gas  pressure;  (5)  specific  gravity; 
and  (6)  type  of  air  mixer,  air  shutter,  injecting  tube,  and  size 
of  orifice. 

The  heating  value  determines  the  volume  of  gas  that  must 
be  supplied  the  burner.  A  change  of  heating  value  changes  the 
ratio  of  primary  air  to  gas  required  for  a  good  flame,  and  generally 
necessitates  a  change  of  size  of  orifice  and  the  position  of  the  air 
shutter. 

The  kind  of  gas  affects  the  ease  of  operation  of  a  burner.  Coal 
and  coke  oven  gas  are  less  susceptible  to  flash  back  than  water 
gas,  which  means  that  the  range  of  adjustment  for  good  operation 
is  greater  than  with  water  gas. 

The  volume  of  air  injected  into  a  burner  is  dependent  upon  the 
energy  of  the  gas  stream,  which  varies  with  the  volume  consumed, 
the  pressure,  and  the  specific  gravity  of  the  gas.  A  change  of 
any  one  of  these  factors  may  necessitate  a  change  of  the  orifice 
and  the  air-shutter  position. 

The  range  of  heating  value  to  which  the  burners  can  be  adjusted 
will  depend  upon  the  pressure  of  the  gas,  the  design  of  air  mixer, 
air  shutter,  and  injecting  tube.  There  are  a  few  burners  of  obso- 
lete design  in  service  which  do  not  have  an  adjustable  air  shutter 
and  it  is  more  difficult  to  make  adjustments  for  low  heating  value 
gases  with  such  burners. 

(a)  ADJUSTMENT  OF  BURNER  NO.  1. 

The  adjustment  of  Burner  No.  i  to  consume  gases  of  different 
heating  values  warrants  the  conclusion  that  the  burner  can  be 
used  without  alteration  to  give  good  service  with  water  gas  of  a 
heating  value  as  low  as  350  B.  t.  u./ft.3  The  adjustment  for  each 
of  the  different  heating  values  was  made  when  the  pressure  was 
3  inches.  This  burner  is  representative  of  the  "star"  type.  Star 
burners  are  most  widely  used. 

(6)  ADJUSTMENT  OF  BURNER  NO.  2. 

Burner  No.  2,  which  was  tested,  and  which  is  shown  in  Figure  2, 
is  one  of  the  older  designs  and  is  of  the  "disk"  type.  On  account 
of  its  loose  fitting  air  mixer  and  air  shutter  it  could  not  be  used 
with  water  gas  of  a  heating  value  lower  than  about  450  B.  t.  u. 
and  a  pressure  of  3  inches  without  devising  some  means  to  obstruct 
the  flow  of  primary  air  into  the  burner. 
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V.  GAS  PRESSURE  NECESSARY  FOR  GOOD  ADJUSTMENT 
OF  BURNER  NO.  1  WITH  "500"  AND  "600"  B.  T.  U.  WATER 
GAS. 

When  the  air  shutter  of  a  burner  must  be  partly  or  almost  com- 
pletely closed  to  obtain  a  "good  adjustment "  it  indicates  that  the 
burner  could  be  operated  equally  as  well  at  a  lower  pressure  by 
using  a  larger  orifice  and  a  larger  opening  of  the  air  shutter.  It 
is  interesting  to  know  what  is  the  minimum  pressure  required  to 
produce  a  good  flame  when  the  air  shutter  is  in  the  wide-open 
position. 

Thousands  of  JBtu  Per  Hour  (500 25iu  Tkr  Cubic  Foot) 

0  ZO  40 


6.0 


8.0 


10.0 


IX.O 


8  iO  /A         H-         /6         /d        /0 

Tfofe  -  Cubic   Feet  Per  Hour 


3C 


Fig.  52. — Air-gas  ratios  obtained  at  different  pressures  and  gas  rates  with  burner  No.  1 

when  operated  with  water  gas  of  501  B.  t.  u. 

Specific  gravity  of  gas,  0.633.     Air  shutter  wide  open. 

The  required  pressure  will  vary  with  (i)  the  design  of  injecting 
tube  of  burner,  (2)  the  type  of  orifice  (fixed  orifices  require  less 
pressure  than  adjustable  orifices),  (3)  the  specific  gravity  of  the 
gas,  and  (4)  the  heating  value  of  the  gas. 

Test  No.  i. — Conditions  of  test:  (1)  Air  shutter  wide  open,  (2) 
specific  gravity  of  gas  0.633,  (3)  water  gas,  501  B.  t.  u./ft.3,  and 
(4)  fixed  orifices  (sharp-edge  type) . 

Figure  52  shows  the  ratios  of  air  to  gas  that  were  obtained  with 
different  rates  of  consumption  and  pressures  of  0.5,  1,  2,  3,  4,  and 
110180°— "22 4 
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5  inches  when  the  air  shutter  was  wide  open.  Orifices  of  differ- 
ent sizes  were  used  in  order  to  determine  these  curves.  This 
figure  shows  that  when  the  gas  pressure  is  constant  and  the  gas 
rate  is  changed  by  changing  the  size  of  the  orifice,  the  air-gas 
ratio  decreases  as  the  gas  rate  increases.  Thus  the  minimum 
pressure  required  to  produce  the  proper  air-gas  ratio  is  the  pressure 
that  will  give  a  good  adjustment  at  the  maximum  rate  at  which 
the  burner  is  to  be  operated.  If  10,000  heat  units  per  hour  are 
taken  as  the  correct  consumption  for  a  regular  burner,  the  gas  rate 


Thousands  of  Btu  Per  Hour 

X.4 48  7X 


(600  Bfu  Per  Cubic  Foot) 

96 SX.O /4<4- 


/6.3 


/■*        Id         /6       AO 
Pate  ~  Cubic  Feet  Per  Hour 


Fig. 


53. — Air-gas  ratios  obtained,  at  different  pressures  and  gas  rates  with  burner  No.  z 
when  operated  with  water  gas  of  60S  B.  t.  u. 

Specific  gravity  of  gas,  0.682.    Air  shutter  wicle  open. 

with  500  B.  t.  u.  gas  will  be  20  ft.3/hr.  From  Figure  39,  the 
tests  of  which  were  made  with  500  B.  t.  u.  water  gas,  it  will  be 
noted  that  the  "good  adjustment"  at  this  rate  is  secured  with  an 
air-gas  ratio  of  1.95.  Figure  52  shows  that  when  the  air  shutter 
is  wide  open  a  pressure  of  about  seventh -eighth  inch  will  produce 
this  air-gas  ratio  at  a  gas  rate  of  20  ft.3/hr.  A  pressure  of  1  inch, 
therefore,  is  sufficient  to  inject  the  proper  amount  of  air  when  the 
burner  is  supplied  with  not  more  than  10,000  B.  t.  u./hr. 

It  follows  that  Burner  No.  1 ,  if  operated  with  water  gas  of  0.63 
specific  gravity  and  "500"  B.  t.  u./ft.3,  would  not  need  an  ad- 
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justment  of  the  air  shutter  if  the  pressure  at  the  orifice  were  1 
inch.  If  one  wishes  to  operate  the  burners  now  in  use  with  a 
pressure  of  1  inch,  it  would  be  necessary  to  increase  the  size  of 
orifice  and  open  the  air  shutter  to  obtain  a  good  flame. 

Test  No.  2.— Conditions  of  test:  (1)  Air  shutter  wide  open, 
(2)  specific  gravity  of  gas  0.682,  (3)  water  gas — 608  B.  t.  u./ft.3, 
and  (4)  fixed  orifices  (sharp-edged  type) . 

The  results  of  this  test  are  shown  by  Figure  53.  The  curves  of 
this  figure  must  be  compared  with  the  "good  adjustment"  curve 
of  Figure  47  which  was  made  with  the  same  gas.  Figure  47  shows 
that  an  air-gas  ratio  of  2.5  corresponds  to  a  "good  adjustment" 
with  "600"  B.  t.  u.  water  gas.  Figure  53  shows  that  if  the  air 
shutter  had  been  wide  open,  a  pressure  of  about  1 X  inches  would 
have  produced  the  same  good  adjustment  for  a  consumption  of 
10,000  B.  t.  u./hr.  (16.7  ft.3). 

No  tests  of  this  kind  were  made  with  Burner  No.  2  because  it 
could  not  be  conveniently  tested  with  our  equipment.  It  is 
believed  that  an  allowance  of  about  one-fourth  inch  more  pressure 
should  be  made  for  Burner  No.  2  on  account  of  the  design  of  the 
injecting  tube. 

VI.  EFFECT  OF  CHANGE  IN  HEATING  VALUE  ON  THE 
FLAME  CHARACTERISTICS  AND  OPERATION  OF 
BURNERS. 

1.  COMPARISON  OF  AIR-GAS  RATIO  AND  B.  T.  U.  PER  CUBIC  FOOT  OF 
MIXTURE  WITH  WATER  GAS  OF  400,  500,  AND  600  B.  T.  U.  AND  COAL 
GAS  OF  525  B.  T.  U.  AT  THE  UPPER  WORKABLE  LIMIT,  GOOD  ADJUST- 
MENT, AND  CONDITIONS  AT  WHICH  YELLOW  TIP  APPEARS. 

The  effect  of  gases  of  different  heating  values  on  the  operation 
of  a  burner  is  best  shown  by  curves.  Figures  54,  55,  56,  and  57 
show  the  data  obtained  with  water  gas  of  400,  500,  and  600  B.  t.  u. 
and  coal  gas  of  525  B.  t.  u.  The  curves  labeled  "Flash  back," 
"Flames  blow  from  ports,"  "Primary  air-gas  ratio  obtained  with 
good  adjustment,"  and  "Yellow  tip  appears  at  this  ratio"  have 
been  discussed  in  a  previous  section  of  this  report.  However, 
it  is  well  to  mention  here  that  the  air-gas  ratio  varies  for  each 
particular  curve,  depending  on  the  heating  value  of  gas  used  and 
that  there  is  a  slight  increase  in  the  range  of  adjustment  (from 
"yellow  tip"  to  "upper  limit  of  workable  adjustment")  as  the 
heating  value  of  water  gas  increases.  The  curves  marked  "  Upper 
limit  of  workable  adjustment,  "  were  obtained  when  the  air  shutter 
was  so  adjusted  that  an  explosion  did  not  occur  when  the  gas  was 
turned  off  from  the  "  on  full "  position  of  the  gas  cock,  except  when 
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the  gas  cock  was  turned  off  very  suddenly.  A  burner  that  is 
adjusted  so  that  such  an  explosion  will  occur  as  the  gas  is  turned 
off  is  very  likely  to  flash  back  when  operated  at  the  rates  of  con- 
sumption used  for  simmering  purposes. 

The  volume  of  air  required  to  burn  a  cubic  foot  of  gas  increases  as 
the  heating  value  of  the  gas  increases.     This  is  shown  by  the  curves 


7novO0nd3   cJEtu  f\r  Hour 


(*M  Btu  Tke  Cubic  foot) 


ThouaorSl  of  £tu  Ttr  Hour 


(SO/t  Stu  nrCufe  r<*i) 


ffo/e  '  Cubic  Fttt  Kr  Hour 

Fig.  54. — Range  of  air-gas  ratios  over 
which  burner  No.  I  can  be  operated 
with  water  gas  of  400  B.  t.  u. 


ftote  -Cubic  foot  Ptr  Hour 

Fig.  55. — Range  of  air-gas  ratios  over 
which  burner  No.  I  can  be  operated 
with  water  gas  of  500  B.  t.  u. 


marked  "Ratio  for  complete  combustion."  A  cubic  foot  of  400 
B.  t.  u.  water  gas  requires  the  oxygen  from  about  3.36  feet3  of 
air  for  complete  combustion;  500  B.  t.  u.  water  gas  requires  about 
4.49  feet 3  of  air;  600  B.  t.  u.  water  gas  about  5.47  feet 3  of  air,  and 
525  B.  t.  u.  coal  gas  requires  about  4.61  feet 3  of  air. 

Tfiouiomls  of  Stu  Per  Hour  (600  JStu  fir  Cubit  Fief) 
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Fig.  56. — Range  of  air-gas  ratios  over 
which  burner  No.  I  can  be  operated 
with  water  gas  of  600  B.  t.  u. 


Tfofr  -  Cubic  feet  Per  Hour 

Fig.  57. — Range  of  air-gas  ratios  over 
which  burner  No.  1  can  be  operated 
with  coal  gas  of  525  B.  t.  u. 


The  burner  must  be  supplied  with  heat  units  at  the  same  rate  with 
gases  of  different  heating  values  to  maintain  the  same  service.  The 
comparison  of  the  operation  of  a  burner  with  gases  of  different 
heating  value  has,  therefore,  been  made  when  the  burner  con- 
sumed the  same  number  of  heat  units  per  hour  with  each  gas.  In 
making  this  comparison  it  must  be  remembered  that  the  volume 
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of  gas  required  to  maintain  a  constant  rate  of  heat  units  decreases 
as  the  heating  value  of  the  gas  increases,  and  that  the  ratio  of  air 
to  gas  required  to  burn  the  gas  increases  as  the  heating  value 
increases.  To  compare  the  operation  of  a  burner  with  different 
gases,  then,  the  mixture  of  the  primary  air  and  gas  in  the  burner 
must  be  stated  in  the  same  terms  for  each  gas.  The  B.  t.  u.  con- 
tent of  a  cubic  foot  of  the  air-gas  mixture  in  the  burner  at  the 
different  adjustments  offers  the  best  means  of  comparison.  The 
B.  t.  u.  per  cubic  foot  of  mixture  at  any  adjustment  is  determined 
from  the  gas  rate  and  the  air-gas  ratio.  A  comparison  of  the  air- 
gas  ratio  and  B.  t.  u.  per  cubic  foot  of  mixture  obtained  with 
Burner  No.  1  with  400,  500,  and  600  B.  t.  u.  water  gas  and  525 
B.  t.  u.  coal  gas  is  shown  in  Table  39.  The  air-gas  ratio  values 
are  taken  from  Figures  54,  55,  56,  and  57,  which  show  the  ratios 
obtained  with  the  different  gases  for  air-shutter  adjustments 
which  gave  the  same  type  of  flame.  The  calculations  in  Table  39 
of  the  B.  t.  u.  per  cubic  foot  of  mixture  at  the  various  adjustments 
were  made  as  follows  (from  Figure  54,  with  air  shutter  set  for  good 
adjustment) : 

B.  t.  u.  per  cubic  foot 400 

Rate,  B.  t.  u.  per  hour 7,  000 

7,000 

Rate,  cubic  feet  per  hour =  I7-  5 

^  400 

Air-gas  ratio 1.  23 

Rate  of  air  injection  per  hour  (rJ^Xi.23)=2i.s  ft.3 

Total  rate  per  hour  (mixture)  (17. 5+ 2i.5)=3o.o  ft.3 

B.  t.  u.  per  cubic  foot  of  mixture,  — =  180. 

39.0 

A  study  of  the  calculations  given  in  Table  39  shows  that  the 
B.  t.  u.  per  cubic  foot  of  mixture  at  the  upper  limit  of  workable 
adjustment  is  a  constant  of  about  140  to  145  B.  t.  u.  for  water  gas 
of  400,  500,  and  600  B.  t.  u./ft.3  This  means  that  there  would  be 
no  appreciable  difference  in  the  use  of  these  three  gases  with 
burners  adjusted  in  this  manner.  A  very  hard  flame  is  obtained 
in  each  case. 

The  range  of  workable  adjustments  of  a  burner  with  coal  gas  is 
greater  than  with  water  gas.  It  is  known  that  the  same  care  does 
not  have  to  be  exercised  when  adjusting  burners  for  coal  gas  as 
with  water  gas  because  the  trouble  from  flash  back  is  not  so 
great.  The  calculations  of  the  B.  t.  u.  per  cubic  foot  of  mixture 
at  the  upper  workable  limit  show  that  525  B.  t.  u.  coal  gas  can  be 
satisfactorily  burned  if  the  air  shutter  is  adjusted  so  that  the 
B.  t.  u.  per  cubic  foot  of  mixture  is  as  low  as  about  120.  It  is 
interesting  to  note  that  when  the  air  shutter  was  set  for  the  good 
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adjustment  approximately  the  same  B.  t.  u.  per  cubic  foot  of 
mixture  was  obtained  with  these  four  gases.  The  average  is  be- 
tween 170  and  175  B.  t.  u./ft.3  of  mixture.  At  the  adjustment 
where  the  yellow  tip  appears  400,  500,  and  600  B.  t.  u.  water  gas 
gave  about  250  to  260  B.  t.  u./ft.3  of  mixture,  while  525  B.  t.  u. 
coal  gas  showed  a  B.  t.  u.  per  cubic  foot  of  mixture  of  310  to  330. 
It  should  be  expected,  therefore,  that  fewer  complaints  of  poor 
service  would  be  experienced  with  burners  consuming  coal  gas 
than  with  those  burning  water  gas  because  the  yellow  flame 
occurs  at  a  higher  B.  t.  u.  per  cubic  foot  of  mixture  and  the  upper 
workable  limit  at  a  lower  B.  t.  u.  per  cubic  foot  of  mixture  than 
with  water  gas. 

TABLE  39. — A  Comparison  of  Air-Gas  Ratio  and  B.  t.  u.  per  Cubic  Foot  of  Mixture 
Obtained  with  Burner  No.  1  and  400,  500,  and  600  B.  t.  u.  Water  Gas  and  525  B.  t.  u. 
Coal  Gas  (Values  Taken  from  Figs.  54,  55,  56,  and  57). 

RATE,  7,000  B.  T.  U./HR. 


Heating 

value 

(B.t.  u.  per 

Ratio  of  air 
to  gas  re- 
quired for 
complete 
combus- 
tion. 

Gas  rate. 

cubic  foot). 

400 

500 
600 
525 

3.36 
4.49 
5.47 
4.61 

Ft.3/hr. 

17.5 

14.0 

11.7 

13.3 

Very  hard  flame. 


Normal  flame. 


Upper  workable  limit 
of  primary  air  to  gas. 


Air-gas 
ratio. 


1.80 
2.37 
3.13 
3.25 


B.t./u.per 
cubic  foot 
of  mixture. 


Good  adjustment  of 
primary  air  to  gas. 


Air-gas 
ratio. 


B.t.u./per 
cubic  foot 
of  mixture. 


143 
148 
145 
124 


1.23 
1.85 
2.46 
2.11 


180 
176 
173 
169 


Very  sof t  flame. 


Yellow  tip  appears  at 
this  condition. 


Air-gas 
ratio. 


B.  t.  u.  per 
cubic  foot 
of  mixture. 


0.55 
.97 

1.30 
.58 


258 
254 
261 
333 


RATE,  9,000  B.  T.  U./HR. 

400 

3.36 

22.5 

1.87 

139              1. 28 

175 

0.58 

253 

500 

4.49 

18.0 

2.45 

145              1.92 

171 

1.00 

250 

600 

5.47 

15.0 

3.19 

143              2.48 

172 

1.35 

255 

525 

4.61 

17.1 

3. 33                122              2. 14 

168 

.69 

312 

RATE,  11,000  B.  T.  U./HR. 

400 

3.36 

27.5 

1.92 

137 

1.35 

170 

0.61 

248 

500 

4.49 

22.0 

2.50 

143 

1.95 

170 

1.00 

246 

600 

5.47 

18.3 

3.25 

141 

2.48 

172 

1.38 

252 

525 

4.61 

20.9 

3.38 

120 

2.14 

168 

.70 

310 

2.  FLAME  AND  CONE  HEIGHTS  AT  DIFFERENT  BURNER  ADJUSTMENTS 
WITH  400,  500,  AND  600  B.T.U.  WATER  GAS. 

The  flame  and  cone  heights  vary  with  the  heating  value  of  the  gas. — 
The  curves,  Figures  58,  59,  and  60,  show  that  with  the  same 
adjustment  600  B.  t.  u.  water  gas  has  a  higher  cone  and  flame 
height  than  400  B.  t.  u.  water  gas.  This  means  that  water  gas  of 
the  lower  heating  value  burns  more  rapidly  than  gas  of  higher 
heating  value. 
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The  gas  rate  (B.  t.  u.  per  hour)  affects  the  cone  and  flame  height. — 
Cone  and  flame  heights  taken  from  Figures  58,  59,  and  60  for 
rates  of  consumption  of  7,000,  9,000,  and  11,000  B.  t.  u./hr.  show 
clearly  that  as  the  rate  is  increased  the  cone  and  flame  heights  are 
increased  for  any  particular  adjustment. 

The  cone  and  flame  heights  vary  with  the  air-gas  ratio. — The  tests 
have  shown  that  over  the  range  of  adjustments  at  which  a  burner 
can  be  satisfactorily  operated  the  flame  height  continually  de- 
creases as  the  ratio  of  primary  air  to  gas  is  increased  from  that 
which  produces  the  yellow  tip  to  that  where  the  flames  blow  from 
ports.     The  cone  height  decreases  in  like  manner  until  the  point 


Ttatio ; 


~Prjrnary    Air 
Gas 


Fig.  58. — Cone  and  flame  heights  with  varying  air-gas  ratios  when  burner  No.  I  is  oper- 
ated with  400  B.  t.  u.  water  gas  at  rates  of  7,000,  9,000,  and  11,000  B.  t.  u.  per  hour. 

where  the  flames  blow  from  ports  is  nearly  reached,  when  the  cones 
begin  to  increase  in  height.  This  is  more  pronounced  with  water 
gas  of  400  B.  t.  u.  (see  Fig.  58)  than  with  water  gas  of  higher  heating 
value.  (See  Figs.  59  and  60.)  The  surface  of  the  cone  marks 
the  beginning  of  combustion,  and  the  height  of  the  cone  therefore 
depends  on  the  ratio  of  the  mixture,  the  velocity  of  the  mixture, 
and  the  rate  of  combustion  of  the  gas  for  the  different  mixtures. 
When  the  air-gas  ratio  is  increased  from  a  low  value  the  increase 
in  the  velocity  of  combustion  is  at  first  greater  than  the  increase  of 
the  velocity  of  the  mixture  through  the  ports,  and  the  height  of 
the  cone,  which  is  formed  by  gas  which  has  not   yet  begun  to 
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Fig.  59. — Cone  and  flame  heights  with  varying  air-gas  ratios  when  burner  No.  I  is  oper- 
ated with  500  B.  t.  u.  water  gas  at  rates  of  7,000,  g,ooo,  and  11,000  B.  t.  u.  per  hour. 
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Fig.  60. — Cone  and  flame  heights  with  varying  air-gas  ratios  when  burner  No.  1  is  oper- 
ated with  600  B.  t.  u.  water  gas  at  rates  0/7,000,  g,ooo,  and  11,000  B.  t.  u.  per  hour. 
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burn,  is  decreased.  But  as  the  primary  air  approaches  the  amount 
required  to  completely  burn  the  gas  the  velocity  of  combustion  in- 
creases less  rapidly,  while  the  increase  of  the  velocity  of  the  mixture 
through  the  ports  increases  with  the  same  rapidity.  When  this 
increase  exceeds  the  increase  of  rate  of  combustion  the  cone  will 
lengthen,  as  is  shown  by  the  cone-height  curves  in  the  various 
figures.  It  will  be  noted  from  Figures  58,  59,  and  60  that  when 
the  cone  height  increases  with  an  increase  of   air-gas  ratio  this 
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Consumption  -  Thousands  of  Btu  Ten  tlour 

Fig.  61. — Comparison  of  cone  heights  -with  400,  500,  and 
600  B.  t.  u.  -water  gas  at  250  B.  t.  u.  per  cubic  foot  of 
mixture  within  the  burner  (soft  flame,  yellow  tip),  200 
B.  i.  u.  per  cubic  foot  of  mixture  (medium  flame),  and 
150  B.  t.  u.  per  cubic  foot  of  mixture  (hard  flame). 
Values  taken  from  Figs.  5S,  59,  and  60. 

ratio  is  beyond  the  limit  of  upper  workable  adjustment  where 
burners  will  give  satisfactory  service. 

Cone  heights  taken  from  Figures  58,  59,  and  60  have  been 
plotted  in  Figure  61  for  rates  of  consumption  of  7,000,  9,000,  and 
1 1,000  B.  t.  u./hr.  and  for  three  types  of  flames.  Figure  61  sum- 
marizes the  data  given  in  the  other  figures  and  shows  clearly  the 
effect  of  heating  value,  gas  rate,  and  air-gas  ratio  on  the  cone  height. 
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VII.  EFFECT  OF  CHANGE  OF  SPECIFIC  GRAVITY  OF  GAS  ON 
THE  OPERATION  OF  A  BURNER  WHEN  THE  ADJUSTMENT 
REMAINS  UNCHANGED. 

The  practice  of  mixing  different  kinds  of  gases  has  become  quite 
common  as  a  result  of  the  increase  in  the  development  of  the  coke- 
oven  processes  with  the  production  of  by-product  gas,  the  building 
of  combination  coal  and  water  gas  plants,  and  the  necessity  of 
supplementing  the  supply  of  natural  gas  with  different  kinds  of 
manufactured  gases. 

The  quantity  of  gas  sent  out  from  the  gas  works  will  vary  greatly 
with  the  daily  and  seasonal  demand,  and  since  no  combination 
method  of  manufacture  is  so  flexible  in  operation  as  to  supply 
the  mixture  always  in  the  same  proportion,  the  mixture  will 
inevitablv  change  in  gravity  and  perhaps,  to  a  lesser  extent,  in 
heating  value.  It  is  usually  less  difficult  to  control  the  heating 
value  than  the  gravity. 

One  objection  to  the  use  of  mixtures  of  gases  is  the  difficulty 
of  making  adjustments  in  the  appliances  to  secure  good  service 
when  the  mixtures  change  in  composition.  This  question  of 
variation  of  composition  and  gravity  on  the  operation  of  burners 
has  been  discussed  in  considerable  detail  in  this  bureau's  Tech- 
nologic Paper  No.  193,  Design  of  Atmospheric  Gas  Burners.  An 
attempt  has  been  made  in  that  paper  to  explain  why  it  is  more 
difficult  to  change  from  coal  or  coke-oven  gas  to  water  gas  than 
from  water  gas  to  coal  or  coke-oven  gas.  The  reader  is  referred 
to  that  discussion  for  the  scientific  explanation  of  the  variation 
in  the  quantity  of  air  injected  into  burners  with  gases  of  different 
specific  gravity. 

It  will  be  shown  in  the  calculations  that  follow  just  what  the 
effect  will  be  on  burner  operation  when  the  gas  pressure,  heating 
value,  and  the  burner  adjustment  are  kept  constant  and  the  specific 
gravity  only  is  changed.  From  data  taken  in  these  tests  and 
reported  elsewhere  it  has  been  shown  that  for  a  burner  operated 
at  the  "good  adjustment,"  the  heating  value  per  cubic  foot  of 
mixture  within  the  burner  is  about  175  B.  t.  u.  Taking  this 
condition  as  the  initial  adjustment,  the  data  given  in  Tables  40 
and  41  have  been  calculated  and  are  explained  in  more  or  less 
detail  in  the  text  that  follows : 
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1.  EFFECT  OF  CHANGE  FROM  0.40  SPECIFIC  GRAVITY  COKE-OVEN  GAS 
TO  0.65  SPECIFIC  GRAVITY  WATER  GAS. 

If  a  top  burner  is  adjusted  for  a  gas  rate  of  18  ft.3/hr.  0f  500 
B.  t.  u.  coke-oven  gas  of  0.40  specific  gravity,  the  consumption  will 
be  9,000  B.  t.  u./hr.  (See  curve  C,  Fig.  62.)  With  this  gas  the 
air-gas  ratio  for  the  good  adjustment  is  1.85  when  the  mixture 
within  the  burner  has  a  heating  value  of  175  B.  t.  u./'ft.3  If  the 
burner  is  now  supplied  with  500  B.  t.  u.  water  gas  (specific  gravity 
0.65)  without  changing  the  pressure  or  adjustment  of  the  appliance, 
the  gas  rate  will  be  decreased  to  14.14  ft.3/hr.,  and  the  air-gas  ratio 
will  be  increased  to  2.41.  The  rate  at  which  heat  is  now  supplied 
is  7.070  B.  t.  u./hr.  and  the  B.  t.  u.  per  cubic  foot  of  mixture  within 
the  burner  has  been  changed  to  146.5.  Referring  to  Figure  62, 
curve  C,  it  will  be  seen  that  the  new  operating  condition  falls 
directly  upon  the  line  determining  the  upper  workable  limit  of 
operation.  With  an  initial  adjustment  for  a  lower  rate  per  hour, 
the  new  condition  would  fall  slightly  above  the  upper  workable 
limit  and  some  difficulty  from  flash  back  might  be  experienced 
with  the  appliance.  Also,  if  the  initial  adjustment  had  been 
made  for  a  harder  flame  than  that  represented  by  175  B.  t.  u./ft.3 
(normal  flame)  there  would  be  a  much  greater  tendency  for  trouble 
at  the  new  condition. 

TABLE  40. — Effect  of  Increase  in  Specific  Gravity  of  Gas  (from  0.40  to  0.63 )  on  the 

Operation  of  a  Burner  when  Adjustment  Remains  Unchanged — Burner  No.  1,  48 

Ports,  No.  40  Drill— Heating  Value  of  Gas  "500"  B.  t.  u./ft.3— Gas  Pressure  3.0 

Inches  of  Water. 

[See  Fig.  62.] 


Change  of  specific  gravity  of  gas. 


Quantity 
of  heat 

supplied. 


Gas 

rate. 


Primary 
air-gas 
ratio. 


B.  t.  u. 
per  cubic 

foot  of 
mixture. 


«                                                                         /from  0.40 

A ; \to  .65 

•r                                                                        /from  .  40 
\to  .65 

C                                                                             ffrom  .  40 
\to  .65 

Tj                                                                       /from  .  40 
\to  .65 

E                                                                       /from  .  40 
(to  .65 


B.  t.  u.Tir. 
7,000 
5,500 

8,000 
6,280 

9,000 
7,070 

10,000 
7,850 

11,000 
8,630 


FUlir. 
14.0 

11.0 

16.0 
12.56 

18.0 
14.14 

20.0 
15.70 

22.0 

17.27 


1.85 
2.41 


1.85 
2.41 


1.85 
2.41 


1.85 
2.41 


1.85 
2.41 


175 
146.5 


175 

146.5 


175 
146.5 


175 
146.5 


175 

146.5 
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Fig.  62. — Curves  showing  how  the  air-gas  ratio  increases  and  gas  rate  decreases  with 
an  increase  of  specific  gravity. 

This  figure  applies  to  the  case  where  an  initial  adjustment  of  the  burner  is  made  for  0.4  specific 
gravity  (coal  or  coke-oven  gas)  and  a  normal  flame  (175  B.  t.  u.  per  cubic  foot  of  mixture  within 
the  burner) ,  and  the  specific  gravity  is  then  increased  by  mixing  the  coal  or  coke-oven  gas  with 
water  gas  or  straight  water  gas  of  0.65  specific  gravity.  It  is  assumed  that  no  readjustment  of  the 
burner  is  made  for  the  change  in  specific  gravity.  Curves  (A,  B,  C,  D,  E)  show  the  variation  in 
air-gas  ratio  from  five  different  initial  adjustments. 
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The  reduction  from  a  rate  of  9,000  to  7,070  B.  t.  u./hr.  will 
increase  the  time  required  to  do  the  first  stages  of  cooking;  but 
as  this  is  still  far  above  the  rate  required  for  keeping  the  contents 
of  a  vessel  at  boiling  temperature,  the  reduction  in  rate  should 
not  materially  interfere  with  the  service.  It  has  been  found  from 
experience  that  when  changing  from  a  coal  or  coke-oven  gas  to 
water  gas,  or  from  any  light  gas  to  a  heavier  gas,  less  difficulty  is 
experienced  if  the  heavier  gas  is  of  higher  heating  value  than  the 
light  gas.  This  experience  is  in  harmony  with  the  physical  prin- 
ciples explained  in  this  paper.  Briefly  stated,  the  reason  that  an 
increase  in  the  heating  value  of  the  heavier  gas  improves  service 
is  that  a  condition  of  good  adjustment  seems  to  represent  a  fairly 
definite  B.  t.  u.  mixture  for  all  kinds  of  gas,  and  if  the  heavier  gas 
is  of  higher  B.  t.  u.,  the  total  rate  in  B.  t.  u.  per  hour  supplied  to 
the  appliance  and  the  mixture  in  B.  t.  u.  per  cubic  foot  of  mixture 
will  remain  more  constant. 

2.  EFFECT  OF  CHANGE  FROM  0.65  SPECIFIC  GRAVITY  WATER  GAS  TO 
0.40  SPECIFIC  GRAVITY  COKE-OVEN  GAS. 

If  the  initial  adjustment  in  this  case  is  made  for  9,000  B.  t.  u./hr. 
with  500  B.  t.  u.  water  gas  of  0.65  specific  gravity,  the  gas  rate  will 
be  18  ft.3/hr. ;  and  if  the  air  shutter  is  adjusted  for  an  air-gas 
ratio  of  1.65,  the  mixture  will  contain  175  B.  t.  u./ft.3,  which  we 
have  stated  represents  the  condition  of  an  average  good  adjust- 
ment. A  change  of  gas  to  500  B.  t.  u.  coke-oven  gas  of  0.40 
specific  gravity,  without  any  change  in  the  burner  adjustment, 
will  increase  the  gas  rate  to  22.96  ft.3/hr.  (equivalent  to  11,480 
B.  t.  u./hr.),  while  the  air-gas  ratio  will  be  decreased  to  1.42  and 
the  heating  value  per  cubic  foot  of  mixture  is  increased  to  207 
B.  t.  u.  Although  the  air-gas  ratio  has  been  reduced  and  the 
heating  value  of  the  mixture  increased  we  have  a  fairly  good, 
although  a  soft,  flame.  The  gas  rate  with  the  burner  cock  wide 
open  is,  of  course,  too  large  for  good  over-all  efficiency,  though 
the  consumers  will  not  ordinarily  make  a  complaint  about  too 
much  gas.  However,  unless  they  turn  the  gas  partly  off  at  the 
cock  there  will  be  a  tendency  toward  waste. 

The  discussion  in  this  and  the  preceding  section  shows  that 
where  the  heating  value  of  the  gas  or  the  specific  gravity  varies, 
it  is  necessary  to  consider  the  effect  of  the  change  on  the  compo- 
sition of  the  mixture  and  the  total  B.  t.  u.  consumption  and  ad- 
just the  burners  accordingly. 
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Fig.  63. — Curves  showing  how  the  air-gas  ratio  decreases  and  gas  rate  increases  with 
a  decrease  of  specific  gravity. 

This  figure  applies  to  the  case  where  an  initial  adjustment  of  the  burner  is  made  for  0.65  specific 
gravity  (water  gas)  and  a  normal  flame  (175  B.  t.  u.  per  cubic  foot  of  mixture  within  the  burner), 
and  the  specific  gravity  is  then  decreased  by  mixing  the  water  gas  with  coal  or  coke-oven  gas,  or 
straight  coal  or  coke-oven  gas,  of  0.40  specific  gravity.  It  is  assumed  that  no  readjustment  of  the 
burner  is  made  for  the  change  in  specific  gravity.  Curves  (A,  B,  C,  D,  E)  show  the  variation  in 
air-gas  ratio  from  five  different  initial  adjustments. 
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TABLE  41.— Effect  of  Decrease  of  Specific  Gravity  of  Gas  (from  0.65  to  0.40)  on  the 

Operation  of  a  Burner  when  Adjustment  Remains  Unchanged— Burner  No.  1,  48 

Ports,  No.  40  Drill— Heating  Value  of  Gas  "500"  B.  t.  u./ft.3— Gas  Pressure  3.0 

Inches  of  Water. 

[See  Fig.  63.] 


Change  of  specific  gravity  of  gas. 


Quantity 
of  beat 
supplied. 


Gas 
rate. 


Primary 
air-gas 
ratio. 


B.  t.  u. 
per  cubic 

ioot  of 
mixture. 


.                                                                         /from  0.65 

A \to  .40 

D                                                                        /from  .  65 

B \to  .40 

_                                                                        /from  .  65 

u \to  .40 

_                                                                        /from  .  65 

D \to  .40 

_                                                                        /from  .  65 

^ \to  .40 


B.  t.  u./hr. 

7,000 
8,930 

8,000 
10, 200 

9,000 
11,480 

10,000 
12,750 

11,000 
14,020 


Ft.'/br. 
14.0 
17.85 

16.0 
20.4 

18.0 
22.96 

20.0 
25.5 

22.0 
28.04 


1.85 
1.42 


1.85 
1.42 


1.85 
1.42 


1.85 
1.42 


1.85 
1.42 


175 
207 


175 
207 


175 
207 


175 
207 


175 
207 


3.  SUGGESTED  ADJUSTMENT  OF  GAS  RANGE  BURNERS  IN  LOCALITIES 
WHERE  THE  SPECD7IC  GRAVITY  OF  THE  GAS  VARB2S. 

Provided  satisfactory  and  uniform  pressure  conditions  can  be 
maintained,  it  should  be  possible  by  a  correct  adjustment  to 
maintain  reasonably  good  service  with  most  domestic  appliances 
even  with  considerable  variation  in  the  gravity.  The  burners 
must  be  adjusted  for  an  average  condition  which  will  make  them 
operate  under  all  conditions  within  the  three  limitations  pre- 
scribed for  good  service.     These  limitations  are: 

(i)  The  adjustment  must  be  such  that  in  changing  to  the 
heavier  gas  the  rate  in  B.  t.  u.  per  hour  will  not  be  less  than  a  certain 
minimum  which  experience  has  shown  is  necessary  for  good 
service. 

(2)  The  adjustment  must  be  such  that  when  the  burners  are 
operated  with  the  heavier  gas  the  air  injection  is  not  too  great  to 
cause  the  burners  to  flash  back  when  operated  at  low  rates  of 
consumption. 

(3)  The  adjustment  must  be  such  that  when  the  burners  are 
operated  with  the  light  gas,  which  results  in  increased  gas  rate  and 
reduced  air  injection,  the  flames  will  not  be  yellow,  odors  will  not 
be  produced,  nor  the  utensils  or  mantles  blackened. 

If  the  burners  are  adjusted  when  the  composition  of  the  gas 
represents  equal  proportions  of  the  two  gases  of  widely  different 
specific  gravity,  within  the  limits  found  in  ordinary  practice,  no 
serious  difficulty  should  be  experienced  in  operating  the  appliances 
with  either  the  high  or  low  specific  gravity  gas,  since  the  effect  of 
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changing  to  one  or  the  other  will  not  change  the  rate  in  B.  t.  u.  per 
hour  or  the  flame  characteristics  sufficiently  to  cause  poor  service 
or  considerable  loss  in  efficiency. 

If  the  gas  supply  is  composed  mostly  of  the  heavier  gas  at  the 
time  the  burner  adjustments  are  made,  the  best  average  adjust- 
ment is  secured  if  the  burners  are  adjusted  for  a  gas  rate  slightly 
below  the  normal  rate  and  the  air  shutters  are  set  so  that  the 
flame  is  a  little  harder  than  a  normal  flame.  If,  on  the  other  hand, 
the  gas  supply  is  composed  mostly  of  the  lighter  gas  at  the  time 
the  burner  adjustments  are  made,  the  best  average  adjustment  is 
obtained  by  regulating  the  gas  rate  to  slightly  above  a  normal 
rate  and  by  setting  the  air-shutter  position  to  produce  flames  a 
little  softer  than  a  normal  flame. 

In  addition  to  the  methods  suggested  by  which  to  make  a  good 
average  adjustment,  other  methods  may  be  found  practicable. 
Some  change  in  gas  pressure  or  heating  value  to  compensate  for 
changes  in  specific  gravity  might  be  feasible  so  as  to  maintain  the 
required  amount  of  heat  at  the  appliance  and  yet  secure  a  satis- 
factory flame. 

VIII.  EFFICIENCY  OF  GASES  OF  DIFFERENT  HEATING 
VALUE  WITH  A  CHANGE  OF  DISTANCE  OF  UTENSIL  FROM 
BURNER  AND  CARBON  MONOXIDE  IN  THE  PRODUCTS 
OF  COMBUSTION  AT  DIFFERENT  POSITIONS. 

The  efficiency  of  a  burner,  as  well  as  the  amount  of  carbon 
monoxide  produced,  varies  with  the  distance  of  the  utensil  from 
the  burner,  the  rate  of  gas  consumption,  and  the  type  of  flame. 
As  has  been  described  in  a  previous  section  of  this  report,  the 
size  and  appearance  of  the  flame  depends  upon  two  things — the 
rate  of  gas  consumption  and  the  primary  air-gas  ratio.  For  a 
constant  rate  of  consumption  the  appearance  of  the  flame  depends 
upon  the  amount  of  primary  air  injected  into  the  burner  which 
determines  the  heating  value  per  cubic  foot  of  mixture.  When 
the  heating  value  per  cubic  foot  of  mixture  is  250  B.  t.  u.  the  flame 
is  very  soft,  while  for  150  B.  t.  u./ft.3  of  mixture  the  flame  is  very 
hard. 

If  the  B.  t.  u.  per  cubic  foot  of  mixture  is  kept  constant  and  the 
gas  rate  is  varied  over  the  ususal  range  of  adjustment,  the  air-gas 
ratio  will  remain  constant  and  the  flame  will  possess  the  same 
degree  of  "hardness"  or  "softness,"  depending  on  the  initial 
adjustment.  The  only  difference  caused  by  a  change  in  the  B.  t.  u. 
rate  is  in  the  flame  volume. 
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This  condition  is  analogous  to  turning  the  gas  cock  in  actual  use. 
If  a  burner  is  set  for  a  medium  flame  (about  200  B.  t.  u./ft.3  of 
mixture)  with  the  gas  cock  wide  open  and  the  cock  is  then  partly 
turned  off,  the  gas  rate  will  be  reduced,  but  the  air-gas  ratio  will 
remain  practically  the  same,  the  B.  t.  u.  per  cubic  foot  of  mixture 
will  remain  practically  unchanged,  and,  therefore,  the  type  of 
flame  will  be  about  the  same,  while  the  flame  volume  will  be  less. 
The  efficiency  will  not  be  the  same  in  both  cases,  as  the  degree  of 
flame  contact  will  differ. 

What  has  been  said  previously  is  illustrated  in  the  following 
curves,  Figures  64  to  67,  inclusive,  which  were  obtained  by 
operating  tests  of  two  burners,  burner  No.  1  and  burner  No.  3: 
Each  burner  was  tested  with  water  gas  of  both  500  and  600 
B.  t.  u./ft.3  The  curves  were  obtained  by  varying  the  gas  rate 
and  the  distance  of  the  utensil  from  the  burner  when  the  B.  t.  u. 
per  cubic  foot  of  mixture  was  a  constant.  Three  different  adjust- 
ments were  made  for  each  heating  value  of  gas,  namely,  150,  200, 
and  250  B.  t.  u./ft.3  of  mixture.  The  efficiency  tests  reported  in 
this  section  were  made  when  the  utensil  was  suspended  from  an 
adjustable  support.  All  the  previous  efficiency  tests  were  made 
on  stoves  with  grid  tops,  and  it  will  be  observed  that  slightly 
higher  values  were  secured  on  the  stoves.  The  explanation  for  this 
difference  in  the  results  may  be  that  with  the  use  of  the  grid  there 
was  a  greater  restriction  to  the  escape  of  the  products  of  combus- 
tion, which  in  turn  reduced  the  supply  of  secondary  air,  lengthened 
the  flame,  and  resulted  in  better  flame  contact. 

1.  TESTS  OF  BURNER  NO.  1  WITH  500  AND  600  B.  T.  U.  WATER  GAS. 

The  curves,  Figures  64  and  65,  were  obtained  by  operating  tlie 
burner  with  500  and  600  B.  t.  u.  water  gas.  The  time  and  effi- 
ciency curves,  Figure  64A,  with  500  B.  t.  u.  gas,  were  made  at 
rates  of  7,000,  9,000,  and  11,000  B.  t.  u./hr.  at  four  different 
positions,  while  the  adjustment  of  the  burner  was  kept  constant 
at  150  B.  t.  u./ft.3  of  mixture.  In  a  similar  manner  the  curves  in 
Figure  64,  B  and  C,  were  made  by  changing  the  B.  t.  u.  per  cubic 
foot  of  mixture.  Tests  were  made  with  600  B.  t.  u.  gas  in  similar 
manner  and  the  results  are  shown  in  Figure  65. 

The  position  of  the  burner  relative  to  the  utensil  has  a  marked 
effect  on  the  efficiency.  It  will  be  noted  in  referring  to  the  accom- 
panying figures  that  as  the  distance  between  utensil  and  burner  is 
increased  there  is  a  decrease  in  efficiency.     This  is  due  to  a  decrease 
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FlG.   64. — Curves  showing  efficiency  obtained  with  change  of  distance  of  utensil  from 

burner. 

Tests  made  with  burner  No.  i,  500  B.  t.  u.  water  gas  and  three  types  of  flame.  Chart  A  obtained  with 
150  B.  t.  u.  per  cubic  foot  of  mixture  within  the  burner  (hard  flame) ;  Chart  B,  200  B.  r,  u.  per  cubic  foot  of 
mixture  (medium  flame);  Chart  C,  250  B.  t.  u.  per  cubic  foot  of  mixture  (soft  flame — yellow  tip). 


Fig.  65. — Curves  showing  efficiency  obtained  with  change  of  distance  of  utensil  from 

burner. 

Tests  made  with  burner  No.  1,  600  B.  t,  u.  water  gas  and  three  types  of  flame.  Chart  A  obtained  with 
150  B.  t.  u.  per  cubic  foot  of  mixture  within  the  burner  (hard  flame) ;  Chart  B,  200  B.  t.  u.  per  cubic  foot  of 
mixture  (medium  flame);  Chart  C,  250  B.  t.  u.  per  cubic  foot  of  mixture  (soft  flame — yellow  tip). 
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in  the  amount  of  flame  contact.  The  decrease  in  efficiency  caused 
by  moving  the  utensil  from  the  3^-inch  to  the  1  ,K-inch  position 
amounts  to  about  15  per  cent  irrespective  of  the  gas  rate. 

At  the  $4 -inch  position  the  higher  gas  rate  gives  a  lower  efficiency. 
The  efficiency  tends  to  increase  with  the  amount  of  flame  contact 
until  the  flame  begins  to  extend  up  the  side  of  the  utensil.  When 
this  occurs  a  large  part  of  the  available  heat  in  the  flame  is  lost 
bv  radiation  and  convection  and  the  efficiency  decreases.  This 
is  what  happens  when  the  rate  is  11,000  B.  t.  u./hr.  for  the  3/^-inch 
position. 

The  efficiency  varies  only  slightly  with  a  change  of  gas  rate  for  the 
usual  distance  of  utensil  from  burner.  When  the  gas  rate  is  in- 
creased there  is  an  accompanying  increase  in  the  flame  volume 
and,  as  shown  by  the  curves,  the  efficiency  is  slightly  greater  for 
11,000  B.  t.  u./hr.  than  for  the  7,000  B.  t.  u./hr.  rate  only  with 
the  hard  flame. 

The  efficiency  will  vary  with  the  type  of  flame.  There  is  a  dif- 
ference in  the  flame  volume  for  the  adjustments  of  150,  200,  and 
250  B.  t.  u./ft.3  of  mixture.  It  is,  therefore,  evident  that  when 
the  utensil  is  in  any  one  position  the  flame  contact  for  these  three 
adjustments  will  not  be  the  same  and,  therefore,  the  efficiency 
will  differ.  Since  the  efficiency  depends  almost  entirely  on  good 
flame  contact  there  is  some  one  position  for  each  type  of  flame 
that  will  give  a  maximum  heat  absorption.  Whether  the  type  of 
flame  corresponding  to  150,  200,  or  250  B.  t.  u./ft.3  of  mixture  for 
any  particular  gas  rate  gives  the  best  efficiency  depends  on  the 
distance  between  the  burner  and  the  utensil. 

All  the  curves  are  similar  for  the  500  and  600  B.  t.  u.  water  gas  for 
the  same  burner.  It  will  be  noted  that  the  curves  for  600  B.  t.  u. 
water  gas  are  almost  identical  with  those  obtained  when  using 
500  B.  t.  u.  water  gas,  which  shows  that  the  heating  value  of  the 
gas  makes  no  difference  in  the  efficiency  of  a  burner,  provided 
that  the  comparison  is  made  when  the  B.  t.  u.  per  cubic  foot  of 
mixture  is  constant. 

2.  TESTS  OF  THE  BURNER  NO.  3  WITH  500  AND  600  B.  T.  U.  WATER  GAS. 

The  curves  shown  in  Figures  66  and  67  for  this  burner  were  de- 
termined in  the  same  way  as  was  done  in  the  case  of  Burner  No.  1. 
The  same  conclusions  can  be  drawn  in  connection  with  this  burner 
as  were  pointed  out  with  reference  to  the  other.  It  will  be  noted  that 
the  efficiencies  obtained  with  this  burner  are  consistently  higher 
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FlG.  66. — Curves  showing  efficiency  obtained  -with  cltange  of  distance  of  utensil  from 

burner. 

Tests  made  with  burner  No.  3,  500  B.  t.  u.  water  gas  and  three  types  of  flame.  Chart  A  obtained  with 
150  B.  t.  u.  per  cubic  foot  ef  mixture  within  the  burner  (hard  flame) ;  Chart  B,  200  B.  t.  u.  per  cubic  foot  oi 
mixture  (medium  flame);  Chart  C,  250  B.  t.  u.  per  cubic  foot  of  mixture  (soft  flame — yellow  tip). 
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FlG.  67. — Curves  showing  efficiency  obtained  with  change  of  distance  of  utensil  from 

burner. 

Tests  made  with  burner  No.  3,  600  B.  t.  u.  water  gas  and  three  types  of  flame.  Chart  A  obtained  with 
150  B.  t  u.  per  cubic  foot  of  mixture  within  the  burner  (hard  flame) ;  Chart  B,  200  B.  t,  u.  per  cubic  foot  of 
mixture  (medium  flame);  Chart  C,  250  B.  t.  u.  per  cubic  foot  of  mixture  (soft  flame— yellow  tip). 
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than  those  obtained  for  similar  adjustments  with  Burner  No.  i. 
This  is  due  in  a  large  measure  to  the  tendency  of  the  flame  to  in- 
cline toward  the  center  and  thus  give  a  concentration  of  heat  at  this 
point.  This  type  of  burner  is  such  that  there  is  insufficient 
aeration  of  the  flame,  which  results  in  an  increase  in  the  flame 
volume,  and  therefore  better  flame  contact.  The  effect  of  flame 
volume  is  markedly  shown  by  referring  to  Figure  67C,  which  gives 
results  on  a  burner  adjusted  to  a  soft  flame  (250  B.t.u./ft.3  of  mix- 
ture). When  the  utensil  is  placed  three-fourths  inch  from  the 
burner  with  a  gas  rate  of  11,000  B.t.u./hr.  the  flame  volume  is  so 
great  that  the  corresponding  heat  lost  by  radiation  and  convec- 
tion lowers  the  efficiency  to  that  obtained  at  the  i-inch  position. 

The  minimum  distance  between  utensil  and  burner  is  determined 
by  the  production  of  carbon  monoxide.  It  has  been  pointed  out  in 
the  foregoing  that  for  all  adjustments  the  closer  the  utensil  is 
placed  to  the  burner  the  higher  the  efficiency  obtained.  However, 
when  a  utensil  is  placed  so  close  to  a  burner  that  there  is  cone 
contact,  carbon  monoxide  is  produced.  As  this  gas,  even  when 
present  in  the  room  atmosphere  in  small  quantities,  is  detri- 
mental to  health,  it  is  advisable  to  place  the  utensil  at  a  distance 
from  the  burner  that  will  give  the  highest  obtainable  efficiency 
without  the  formation  of  carbon  monoxide. 

Tables  42,  43,  44,  and  45  were  prepared  from  analyses  of  the 
products  of  combustion  from  Burner  No.  1  and  Burner  No.  3  and 
also  from  careful  observations  of  the  appearance  of  the  flame  for 
the  different  conditions  of  test.  Tables  42  and  43  for  Burner  Xo. 
1  show  that  the  position  chosen  should  be  about  1  inch,  while 
Tables  44  and  45  for  Burner  No.  3  show  that  the  utensil  should 
not  be  placed  closer  than  about  ix:<  inches. 
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TABLE  42.— Carbon  Monoxide  in  Products  of  Combustion  from  "500"  B.  t.  u.  Water 
Gas  When  Burner  is  at  Different  Distances  from  Utensil — Burner  No.  1,  48  Ports, 
No.  40  Drill. 


Dis- 

150 B.t.u./ft.3  of  mixture 

200  B.t.u./ft.  3  of  mixture 

250  B.t.u./ft.3  of  mixture 

Quantity 

of  heat 

supplied 

(B.t.u./hr). 

tance 
of 

(hard  flame). 

(medium  flame). 

(soft  flame,  yellow  tip). 

utensil 
from 

CO 

CO 

CO 

burn- 

pro- 

Remarks. 

pro- 

Remarks. 

pro- 

Remarks. 

er. 

duced. 

duced. 

duced. 

Inches. 

Ft.3/hr. 

Ft.3/hr. 

FU/hr. 

A 

0 

General    flame 
contact. 

0.05 

Slight  cone  contact. 
General    flame 

0.17 

General  cone  con- 
tact. 

7,000 

contact. 

(Hft.3). 

1 

0 

Slight  flame  con- 
tact. 

0 

General    flame 
contact. 

Trace. 

Some  cones  extend 
to  utensil. 

VA 

0 

No  flame  contact.. 

0 

Slight  flame  con- 
tact. 

0 

General  flame  con- 
tact. 

\]4 

0 

do 

0 

No  flame  contact. . 

0 

Slight  flame  con- 
tact in  center. 

A 

0.07 

Some  cones  extend 
to  utensil.  Flame 
extends  up  side 
of  utensil. 

.11 

Cones    extend   to 
utensil.     Flame 
extends  up  side 
of  utensil. 

.17 

All  cones  extend  to 
utensil.  Flame 
extends  up  side 
of  utensil. 

9,000 

l 

0 

General    flame 

0 

General    flame 

Trace. 

Slight    cone    con- 

(18 ft.*). 

contact. 

contact. 

tact. 

VA 

0 

Slight  flame  con- 
tact. 

0 

Flame  contact 

0 

Flame  contact. 

.     VA 

0 

A  little  flame  con- 
tact at  center. 

0 

Slight  flame  con- 
tact. 

0 

Slight  flame  con- 
tact. 

A 

.29 

About    one-half 
cones  extend  to 
utensil. 

.25 

Most  of  cones  ex- 
tend to  utensil. 
Flame    extends 
up  side  of  uten- 
sil. 

Slight  cone  contact. 

.27 

All  cones  extend  to 
utensil.  Flame 
extends  up  side 
of  utensil. 

11,000 

1 

0 

General    flame 

Trace. 

Trace. 

Slight  cone  contact. 

(22  ft.3). 

contact. 

General    flame 
contact. 

Flame  extends 
up  side  of  utensil. 

VA 

0 

Flame  contact 

0 

General    flame 
contact. 

0 

General  flame  con- 
tact. 

.     iM 

0 

A  little  flame  con- 
tact. 

0 

Flame  contact 

0 

Flame  contact. 
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TABLE  43.— Carbon  Monoxide  in  Products  of  Combustion  from  "600"  B.  t.  u.  Water 
Gas  When  Burner  is  at  Different  Distances  from  Utensil— Burner  No.  1,  48  Ports, 
No.  40  Drill. 


Dis- 
tance 
of 

150  B.t.u./ft.3  of  mixture 

200  B.t.u./ft.3  of  mixture 

250  B.t.u./ft.3  of  mixture 

Quantity 

(hard  flame). 

(medium  flame). 

(soft  flame,  yellow  tip). 

of  beat 
supplied 

utensil 
from 

CO 

CO 

CO 

(B.t.u./hr). 

burn- 

pro- 

Remarks. 

pro- 

Remarks. 

pro- 

Remarks. 

er. 

duced. 

duced. 

duced. 

Inches. 

Ft.3/hr. 

Ft.3/hr. 

Ft.3/hr. 

X 

0 

Flame  contact 

0.05 

A  few  cones  ex- 
tend to  utensil. 
Flame  contact. 

0.20 

Cones  extend  to 
utensil.  General 
flame  contact. 

1 

0 

Slight  flame  con- 

Trace. 

Slight    cone   con- 

Trace. 

Slight    cone    con- 

7,000 

tact. 

tact.  Flame  con- 

tact.  Flame  con- 

(11.7ft.*). 

tact. 

tact. 

1 

VA 

0 

No  flame  contact. . 

0 

Slight  flame  con- 
tact. 

0 

General  flame  con- 
tact. 

.      VA 

0 

do 

0 

No  flame  contact. . 

0 

Flame    contact    at 

center. 

'        Ya 

0.15 

Few  cones  extend 
to  utensil. 

.08 

Some    cones    ex- 
tend to  utensil. 

.20 

Cones  extend  to 
utensil.  Flame 
extends  up  side 
of  utensil. 

1 

0 

Flame  contact 

0 

General    flame 

Trace. 

Slight    cone    con- 

9,000          i 

contact. 

tact.     Flame  ex- 

(15ft.»).| 

tends  up  side  of 
utensil. 

VA 

0 

Slight  flame  con- 
tact. 

0 

Slight  flame  con- 
tact. 

0 

General  flame  con- 
tact. 

.     VA 

0 

No  flame  contact. . 

0 

No  flame  contact . . 

0 

Slight  flame  con- 
tact. 

H 

.22 

Most  of  cones  ex- 
tend to  utensil. 

.24 

General  cone  con- 
tact. 

.18 

General  cone  con- 
tact. Flame  ex- 
tends up  side  of 
utensil. 

1 

Trace. 

General    flame 

Trace. 

Slight   cone    con- 

Trace. 

Slight    cone    con- 

11,000 

contact.     Slight 

tact. 

tact.     Flame  ex- 

(18.3 ft.3). 

cone  contact. 

tends  up  side  of 
utensil. 

VA 

0 

Slight  flame  con- 
tact. 

° 

General    flame 
contact. 

0 

Flame  extends  up 
side  of  utensil. 

.      VA 

0 

Flame   contact   at 
center. 

0 

Flame  contact 

0 

General  flame  con- 
tact. 

84 
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TABLE  44.— Carbon  Monoxide  in  Products  of  Combustion  from  "500"  B.  t.  u.  Water 
Gas  When  Burner  is  at  Different  Distances  from  Utensil — Burner  No.  3,  45  Ports, 
No.  38  Drill. 


Dis- 

150 B.t.u./ft.3  of  mixture 

200  B.t.u./ft.3  of  mixture 

250  B.t.u./ft.3  of  mixture 

Quantity 
oi  heat 

supplied. 
(B.t.u.hr.). 

tance 
of 

(hard  flame). 

(medium  flame). 

(soft  flame,  yellow  tip). 

utensil 
from 

CO 

CO 

CO 

burn- 

pro- 

Remarks. 

pro- 

Remarks. 

pro- 

Remarks. 

er. 

duced. 

duced. 

duced. 

Inches. 

Ft.3/hr. 

FU/hr. 

Ft.3/hr. 

X 

0.18 

Cone    contact    at 
outer  ports. 

0.20 

Cone    contact    at 
outer  ports. 

0.19 

General  cone  con- 
tact. 

7,000 
(14  ft.*). 

l 

Trace. 

Slight  cone  contact. 

Trace. 

Slight  cone  contact. 

.05 

A  few  cones  extend 

Flame  contact. 

to  utensil. 

IX 

0 

No  Same  contact . . . 

0 

Slight  flame  con- 

0 

Slight  flame   con- 

tact. 

tact. 

IK 

0 
.20 

do 

0 
.23 

No  flame  contact... 
Cone  contact  ex- 

0 

.28 

No  flame  contact. 

Cone   contact   ex- 

General cone  con- 

cept at  the  cen- 

cept at   central 

tact.    Flame  ex- 

tral ports. 

ports.  Flame  ex- 
tends up  side  of 

tends  up  side  of 
utensil. 

9,000 

utensil. 

(18  ft.3). 

1 

.12 

Cone    contact    at  |        .11 

Cone    contact    at 

.12 

Cone     contact     at 

outer  ports. 

outer  ports. 

outer  ports. 

IK 

Trace. 

A  few  cones  extend 
to  utensil. 

Trace. 

A  few  cones  extend 
to  utensil. 

Trace. 

A  few  cones  extend 
to  utensil. 

IK 

0 

Slight  flame  con- 
tact. 

0 

Flame  contact 

0 

Flame  contact. 

'       X 

.22 

General  cone  con- 
tact.   Flame  ev- 
tends  up  side  of 
utensil. 

.20 

General  cone  con- 
tact.   Flame  ex- 
tends up  side  of 
utensil. 

.23 

General  cone  con- 
tact. Flame  ex- 
tends up  side  of 
utensil. 

l 

.19 

Outer   cones    ex- 
tend to  utensil. 

.17 

Outer  cones  touch 
utensil.    Flame 

.15 

Outer  cones  touch 
utensil.      Fiame 

11,000 

Flame    extends 

extends  up  side 

extends  up  side 

(22  ft.3). 

up  side  of  utensil. 

of  utensil. 

of  utensil. 

IX 

.09 

A  few  cones  ex- 
tend to  utensil. 
Flame    extends 
up  side  of  utensil. 

.10 

A  few  cones  ex- 
tend to  utensil. 
Flame    extends 
up  side  of  utensil. 

.08 

A  few  cones  ex- 
tend to  utensil. 
Flame  extends 
up  side  of  utensil. 

IK 

0 

General  flame  con- 
contact. 

Trace. 

Slight  cone  contact. 
General    flame 

Trace. 

Slight  cone  contact. 
General      flame 

■ 1« 

. 

contact. 

contact. 

Berry,  Brumbaugh,  EisemaK,! 
Moulion,  Shewn  J 
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TABLE  45. — Carbon  Monoxide  in  Products  of  Combustion  from  "600"  B.  t.  u.  Water 
Gas  When  Burner  is  at  Different  Distances  from  Utensil — Burner  No.  3,  45  Ports, 
No.  38  Drill. 


Dis- 

150 B.t.u./ft.3  of  mixture 

200  B.t.u./ft.3  of  mixture 

250  B.t.u./ft.3  of  mixture 

Quantity 
of  beat 
supplied 

tance 
of 

(bard  flame). 

(medium  flame). 

(soft  flame,  yellow  tip). 

utensil 
from 

CO 

CO 

CO 

(B.t.u./br.). 

burn- 

pro- 

Remarks. 

pro- 

Remarks. 

pro- 

Remarks. 

er. 

duced. 

duced. 

duced. 

Inches. 

Ft.3/hr. 

Ft.3/hr. 

Ft.'/hr. 

X 

0.15 

Cone    contact    at 
outer  ports. 

0.16 

Cone    contact    at 
outer   ports. 
Flame    extends 

0.19 

General  cone  con- 
tact. Flame  ex- 
tends up  side  of 

7,000 
(11.7  ft.3). 

up  side  of  utensil. 

utensil. 

1 

Trace. 

A  few  outer  cones 

Trace. 

A  few  conesextend 

Trace. 

Slight  cone  contact. 

extend  to  utensil. 

to  utensil. 

VA 

0 

No  flam  e  contact . . . 

0 

Slight  flame  con- 
tact. 

0 

Slight  flame  con- 
tact. 

IK 

0 

do 

0 

No  flame  contact . . . 

0 

No  flame  contact. 

•      K 

.19 

Cone    contact. 
Flame  contact. 

.21 

Cone     contact. 
Flame    extends 
up  side  of  utensil. 

.24 

General  cone  con- 
tact. Flame  ex- 
tends up  side  of 
utensil. 

9,000 

1 

.10 

Slight  cone  contact . 

.12 

Cone    contact    at 

.13 

Cone      contact. 

(15  ft.3). 

outer    ports. 
Flame    extends 
up  side  of  utensil. 

Flame  extends 
up  side  of  utensil. 

VA 

Trace. 

do 

Trace. 

Slight  cone  contact. 

Trace. 

Slight  cone  contact. 

VA 

0 

No  flame  contact. . . 

0 

Slight  flame  con- 
tact. 

0 

Slight  flame  con- 
tact. 

A 

.25 

Cones    extend    to 
utensil.    Flame 
extends  up  side 
of  utensil. 

.24 

Cones    extend    to 
utensil.    Flame 
extends  up  side 
of  utensil. 

.19 

General  cone  con- 
tact. Flame  ex- 
tends up  side  of 
utensil.  * 

1 

.19 

Cones    extend    to 

.15 

.14 

Cone      contact. 

11,000 

utensil. 

Flame      extends 

(18.3ft.3). 

up  side  of  utensil. 

VA 

.07 

A  few  cones  extend 
to  utensil. 

.05 

Slight  cone  contact. 

.05 

Slight  cone  contact. 
Flame  extends 
up  side  of  utensil. 

VA 

0 

0 

General  flame  con- 
tact. 

0 

General  flame  con- 
:  act. 

IX.  EFFECT  OF  CAREFUL  OPERATION  OF  GAS  BURNERS  ON 
GAS  CONSUMPTION. 

Many  cooking  processes  require  the  heating  of  the  water  in  the 
utensil  up  to  boiling  and  the  maintenance  of  the  boiling  tempera- 
ture (2 1 20  F.)  thereafter  until  the  food  is  completely  cooked. 
Some  people  forget  or  do  not  know  that  water  can  not  be  heated 
to  a  temperature  higher  than  2120  F.  at  atmospheric  pressure  and 
that  violent  boiling  does  not  accelerate  the  speed  of  cooking.  It 
only  evaporates  water  needlessly,  wastes  gas,  and  causes  the  con- 
sumer to  complain  of  high  gas  bills. 

Some  idea  of  the  difference  between  careless  operation  and 
careful  operation  of  an  appliance  can  be  gained  from  the  tests 
reported  in  Table  46. 
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TABLE  4<5.— Tests  of  Evaporation  of  Water  with  "City  Gas"  of  502  B.  t.  u. 


Test  No. 

Gas  rate. 

Quantity 

of  heat 

supplied. 

Quantity 

of  water 

used. 

Time  re- 
quired for 
complete 
evapora- 
tion. 

Remarks. 

1 

Ft.3/hr. 
2.05 
10.62 
18.42 
18.50 

B.t.u./hr. 

1,030 
5,330 
9,250 
9,290 

Quarts. 
2 
2 
2 
2 

Hours. 
9.15 
1.49 
1.13 
1.10 

Lid  on,  gentle  boiling. 
Lid  off,  gentle  boiling. 
Lid  on,  violent  boiling. 
Lid  off,  violent  boiling. 

2 

3 

4 

Note. — To  make  the  lid-on  tests  a  piece  of  plate  glass  was  placed  over  the  utensil  in  order  to  observe  the 
degree  of  boiling.  A  small  opening  corresponding  to  a  loose-fitting  lid  allowed  the  steam  to  escape.  In 
tests  Nos.  i  and  2  the  water  was  in  a  state  of  gentle  boiling,  whereas  in  Nos.  3  and  4  the  water  was  vio- 
lently agitated  by  the  boiling. 

The  following  important  conclusions  may  be  drawn  from  these 
evaporation  tests: 

1.  With  a  lid  on  the  utensil,  violent  boiling  (gas  on  full)  con- 
sumes about  nine  times  more  gas  than  is  necessary  to  maintain 
gentle  boiling. 

2.  For  gentle  boiling  about  five  times  as  much  gas  is  used  with 
the  lid  off  as  would  be  required  if  a  lid  were  on  the  utensil. 

3.  When  violently  boiled  the  water  evaporates  at  about  the 
same  rate  with  the  lid  on  as  with  the  lid  off. 

4.  Gentle  boiling  evaporates  water  about  six  times  as  fast  with 
the  lid  off  as  compared  with  the  lid  on. 

X.  SUMMARY. 

In  connection  with  an  investigation  conducted  by  the  Public 
Service  Commission  of  Maryland  to  determine  the  most  economic 
heating-value  standard  for  manufactured  gas  in  the  city  of  Balti- 
more, the  Bureau  of  Standards  carried  on  an  extensive  series  of 
laboratory  tests  of  gases  of  different  heating  value  and  composition. 

In  this  report  of  the  laboratory  tests  are  discussed  three  of  the 
many  important  factors  that  must  be  considered  in  determining 
the  relative  service  value  of  different  gases.  They  are  (i)  what 
is  the  relative  utilization  efficiency  of  gases  of  different  heating 
value  when  each  gas  is  tested  under  the  most  practical  conditions  ? 
(2)  to  what  extent  can  the  present  appliances  be  adapted  to  give 
good  and  efficient  service  with  gases  of  different  heating  value  and 
composition?  (3)  what  adjustment  in  appliances  is  necessary  to 
give  the  consumers  good  and  efficient  service  when  different  kinds 
of  gases  are  mixed  and  the  composition,  heating  value,  and  the 
specific  gravity  change  as  a  result  of  daily  and  seasonal  variations 
in  the  send  out? 
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1.  RELATIVE    UTILIZATION    EFFICIENCY    OF     GASES     OF     DIFFERENT 

HEATING  VALUE. 

Since  it  is  desirable  to  compare  the  relative  efficiency  of  gases 
of  different  heating  value  under  conditions  most  favorable  to  each 
gas,  it  is  necessary  to  consider  the  effect  of  air-shutter  adjustment, 
distance  of  utensil  from  the  burner,  and  the  gas  rate. 

The  efficiency  of  a  burner  varies  with  the  type  of  flame.  The 
size  and  appearance  of  a  flame  depend  upon  the  composition  of 
the  gas,  the  gas  rate,  the  heating  value,  and  the  primary  air-gas 
ratio.  The  heating  value  and  ratio  of  primary  air  to  gas  determine 
the  B.  t.  u.  per  cubic  foot  of  the  mixture  within  the  burner.  An 
adjustment  that  gives  a  mixture  of  gas  and  air  within  the  burner 
with  a  heating  value  of  250  B.  t.  u./ft.3  gives  a  very  soft  flame, 
while  a  mixture  of  150  B.  t.  u./ft.3  gives  a  very  hard  flame.  The 
good  adjustment  for  all  the  gases  showed  that  the  mixture  had 
an  average  heating  value  of  about  175  B.  t.  u./ft.3  If  the  gas  rate 
is  varied  over  the  usual  range  of  adjustment  by  a  change  in  the 
pressure  at  the  gas  orifice,  the  flame  volume  will  vary,  but  the 
B.  t.  u.  per  cubic  foot  of  mixture  remains  practically  constant  and 
the  flame  will  possess  almost  the  same  degree  of  "hardness"  or 
"softness"  (depending  on  the  initial  adjustment). 

With  a  hard  flame  the  efficiency  tends  to  increase  slightly  with 
an  increase  in  gas  rate  for  any  one  distance  of  the  utensil  from 
burner.  This  is  true,  in  general,  except  when  the  utensil  is 
placed  three-fourths  inch  or  less  from  the  burner.  There  is  a 
difference  in  flame  volume  according  to  whether  the  adjustment 
is  made  for  a  soft,  medium,  or  hard  flame.  It  is  evident,  therefore, 
that  when  the  utensil  is  in  any  one  position  the  flame  contact  for 
these  three  adjustments  will  not  be  the  same  and,  therefore,  the 
efficiency  will  differ. 

The  distance  between  the  burner  and  the  utensil  has  a  marked 
effect  on  the  efficiency.  The  efficiency  varies  inversely  as  the  dis- 
tance between  the  utensil  and  burner  and  tends  to  increase  with 
the  amount  of  flame  contact  until  the  flame  extends  up  the  side 
of  the  utensil.  When  this  occurs  a  large  part  of  the  available 
heat  in  the  flame  is  lost  by  radiation  and  convection  and  the 
efficiency  decreases. 

Maximum  efficiency  can  not  be  secured  because  of  formation 
of  carbon  monoxide  at  close  position  of  the  utensil  to  burner.  A 
distance  of  three-fourths  inch,  or  less,  would  give  the  maximum 
efficiency;  but  when  a  utensil  is  placed  so  close  to  a  burner  that 
there  is  cone  contact,  carbon  monoxide  is  produced.     Since  this 
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gas,  even  when  present  in  the  room  atmosphere  in  small  quantities, 
is  detrimental  to  health,  it  is  advisable  to  place  the  utensil  at  a 
distance  from  the  burner  that  will  give  the  highest  efficiency  with- 
out the  formation  of  carbon  monoxide.  The  results  of  these  tests 
show  that  for  the  size  of  vessel  used  the  minimum  distance  should 
be  about  i  inch  for  Burner  No.  i,  while  for  Burner  No.  3  the 
vessel  should  not  be  placed  closer  than  about  \%  inches. 

With  burners  properly  located  and  adjusted  the  danger  from 
carbon  monoxide  is  remote  with  normal  rates  of  gas  consumption. 
The  analyses  show  that  with  the  ranges  used,  the  burners  of  which 
were  1  yi  inches  from  the  vessel,  practically  no  carbon  monoxide  was 
produced  with  any  of  the  gases  tested,  unless  gas  was  burned  at  a 
rate  greater  than  about  12,000  B.  t.  u./hr.  Above  this  rate  the 
amount  of  carbon  monoxide  produced  was  sufficient  to  cause  head- 
aches in  a  poorly  ventilated  room.  The  tests  showed  that  the 
disk  type  of  burner  produced  more  carbon  monoxide  than  the  star 
type,  when  operated  at  the  same  distance  {\}/%  inches)  from  utensil 
and  at  the  same  rate  of  consumption. 

Although  the  production  of  carbon  monoxide  varied  with  the 
position  and  adjustment  of  burner  and  the  rate  of  consumption, 
if  the  gases  are  compared  under  conditions  that  are  considered 
proper  for  each  gas,  it  can  be  said  that  the  heating  value  or  the 
kind  of  gas  did  not  seem  to  be  factors  affecting  the  production  of 
carbon  monoxide. 

After  giving  due  consideration  to  the  before-mentioned  factors 
which  have  an  influence  on  efficiency,  we  can  draw  the  following 
conclusions  from  these  laboratory  tests: 

(1)  Irrespective  of  the  heating  value  of  the  gas,  the  efficiency  (ratio 
of  heat  absorbed  to  heat  contained  in  the  gas  burned)  obtained  with 
any  one  burner  is  very  nearly  constant,  provided  the  burner  is  adjusted 
to  consume  the  same  number  of  B.  t.  u.  per  hour  with  each  gas.  Thus, 
to  heat  a  given  quantity  of  water  to  the  same  temperature  in  the 
same  time  required  2  feet3  of  300  B.  t.  u.  gas  to  1  foot3  of  600 
B.  t.  u.  gas.  In  other  words,  the  quantity  of  gas  required  varied 
inversely  with  the  heating  value  of  the  gas. 

(2)  When  the  burners  of  standard  size  were  adjusted  for  a  gas 
rate  of  9,000  B.  t.  u./hr.,  an  efficiency  of  about  37  per  cent  was 
secured,  and  it  required  almost  exactly  10  minutes  to  heat  2  quarts 
of  water  from  8o°  F.  to  boiling  with  each  kind  of  gas.  (See  Table 
33  and  Fig.  50.)  At  a  rate  of  7,000  B.  t.  u./hr.  an  average  efficiency 
of  about  36  per  cent  was  obtained  with  Burner  No.  1  (see  Table  32) 
and  about   13   minutes  were  required.       For  a  rate  of   11,000 


S^™*^*' Eiseman']     Heating  Values  and  Burner  A  djustments.       89 

B.  t.  u./hr.  the  average  efficiency  was  about  37.7  per  cent  (see 
Table  34)  and  the  time  required  was  about  8  minutes.  These 
results  show  that  over  the  range  of  usual  operating  conditions  the  effi- 
ciency of  heat  absorption  varies  only  slightly  with  a  change  in  the 
rate  of  heat  supply.  It  follows,  therefore,  that  the  rate  of  heating 
varies  almost  directly  with  the  rate  of  supply  of  heat. 

2.  EXTENT  TO  WHICH  THE  PRESENT  APPLIANCES  CAN  BE  ADAPTED 
TO  GIVE  GOOD  AND  EFFICIENT  SERVICE  WITH  GASES  OF  DIFFERENT 
HEATING  VALUE  AND  COMPOSITION. 

(1)  Appliances  require  less  pressure  to  give  good  combustion 
with  lower  heating  value  gases.  Tests  of  Burner  No.  1  show  that 
with  500  B.  t.  u.  water  gas  a  pressure  of  1  inch  is  sufficient  to  give 
the  required  primary  air  for  good  adjustment,  and  with  600  B.  t.  u. 
water  gas  a  pressure  of  about  1  %  inches  is  sufficient. 

The  best  results  are  secured  from  appliances  when  the  gas  pres- 
sure is  constant  and  the  appliance  is  adjusted  to  give  sufficient 
heat  and  good  combustion  at  the  average  rate  required  for  cook- 
ing. Since  it  is  not  economical  to  distribute  gas  at  a  very  low 
pressure,  the  burners  are  usually  adjusted  for  a  pressure  much 
higher  than  is  actually  required  for  a  good  operation  of  the  appli- 
ance. In  other  words,  the  pressure  that  is  carried  in  the  gas  mains 
is  not  determined  entirely  by  the  requirements  of  the  appliances, 
but  by  distribution  costs.  Complaints  of  poor  pressure  are,  there- 
fore, often  due  not  to  insufficient  pressure  in  the  mains  but  to 
improper  adjustment  of  the  appliances. 

(2)  Burner  No.  2  could  be  adjusted  to  450  B.  t.  u.  gas  with  a 
3 -inch  pressure  without  any  changes  in  the  burner.  With  a  gas 
of  any  lower  heating  value,  a  tighter-fitting  air  shutter  would  be 
required  for  a  proper  regulation  of  the  primary  air. 

Burner  No.  1  could  be  adjusted  to  350  B.  t.  u.  gas  without  any 
change  in  the  appliance. 

(3)  The  range  of  workable  adjustments  of  a  burner  with  coal 
gas  is  somewhat  greater  than  with  water  gas.  The  tests  show 
that  the  yellow  flame  occurs  at  a  higher  B.  t.  u.  per  cubic  foot  of 
mixture  (lower  air-gas  ratio)  and  the  upper  limit  of  workable 
adjustment  at  a  lower  B.  t.  u.  per  cubic  foot  of  mixture  (higher 
air-gas  ratio)  with  coal  gas  than  with  water  gas. 

The  results  on  the  whole  show  that  present  domestic  range 
burners  can  be  adjusted  to  give  satisfactory  service  over  a  wide 
range  in  heating  value,  the  slight  differences  in  behavior  of  the 
different  gases  not  being  of  sufficient  importance  to  have  much 
weight  in  any  consideration  of  their  relative  merits  for  use  in 
domestic  appliances. 


90  Technologic  Papers  of  the  Bureau  of  Standards.  \voi.17 

3.  ADJUSTMENT  IN  APPLIANCES  NECESSARY  TO  GIVE  THE  CONSUMERS 
GOOD  AND  EFFICIENT  SERVICE,  WHEN  DD7FERENT  KINDS  OF  GASES 
ARE  MLXED  AND  THE  COMPOSITION,  HEATING  VALUE,  AND  THE  SPE- 
CIFIC GRAVITY  CHANGE. 

The  development  in  the  coke-oven  processes  with  the  produc- 
tion of  by-product  gas,  the  building  of  combination  coal  and  water 
gas  plants,  and  the  necessity  of  supplementing  natural  gas  with 
different  kinds  of  manufactured  gas  has  resulted  in  the  delivery 
of  mixed  gases  in  many  localities.  The  variation  in  heating 
value  and  specific  gravity  of  the  mixed  gas  may  cause  service 
troubles,  unless  the  appliances  are  properly  adjusted. 

It  is  possible  by  a  correct  adjustment  of  appliances  to  maintain 
good  service  even  with  considerable  variation  in  the  gravity. 
The  burners  must  be  adjusted  for  an  average  condition  which 
will  permit  them  to  be  operated  under  all  conditions  within  the 
three  limitations  prescribed  for  good  service.  These  limitations 
are: 

(1)  The  adjustment  must  be  such  that  in  changing  to  the 
heavier  gas  the  rate  in  B.  t.  u.  per  hour  will  not  be  reduced  below 
a  certain  minimum  which  experience  has  shown  is  necessary  for 
good  service. 

(2)  The  adjustment  must  be  such  that  when  the  burners  are 
operated  with  the  heavier  gas,  the  air  injection  is  not  too  great 
to  cause  the  burners  to  flash  back  when  operated  at  low  rates  of 
consumption. 

(3)  The  adjustment  must  be  such  that  when  the  burners  are 
operated  with  the  light  gas,  which  results  in  increased  gas  rate 
and  reduced  air  injection,  the  flames  will  not  be  yellow,  odors 
will  not  be  produced,  nor  the  utensils  or  mantles  blackened. 

If  a  burner  is  adjusted  when  the  composition  of  the  gas  repre- 
sents equal  proportions  of  two  gases  of  widely  different  specific 
gravity,  no  difficulty  should  be  experienced  in  operating  the 
appliance  with  either  the  high  or  low  specific  gravity  gas,  since 
the  effect  of  changing  to  one  or  the  other  will  not  change  the 
rate  in  B.  t.  u.  per  hour  nor  the  flame  characteristics  sufficiently 
to  cause  poor  service  or  loss  in  efficiency. 

If  a  burner  is  adjusted  when  the  gas  consists  mostly  of  the 
heavier  gas,  the  best  average  adjustment  would  be  secured  by 
regulating  the  gas  rate  slightly  below  the  normal  rate  and  by 
setting  the  air  shutter  to  give  a  flame  harder  than  a  "normal" 
flame.  If,  on  the  other  hand,  the  gas  consists  mostly  of  the 
lighter  gas  at  the  time  the  burner  adjustment  is  made,  the  best 
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average  adjustment  would  be  obtained  by  regulating  the  gas 
rate  to  slightly  above  a  normal  rate  and  by  setting  the  air  shutter 
to  produce  a  flame  softer  than  a  "normal"  flame. 

In  addition  to  the  methods  suggested  for  making  a  good  aver- 
age adjustment,  other  methods  may  be  found  practicable.  Some 
change  in  gas  pressure  or  heating  value  to  compensate  for  changes 
in  specific  gravity  might  be  feasible  so  as  to  maintain  the  required 
amount  of  heat  at  the  appliance  and  yet  secure  a  satisfactory 
flame. 

It  is  quite  practicable,  therefore,  for  appliance  fitters  to  adjust 
domestic  range  burners  so  that  the  service  will  be  satisfactory 
and  there  will  be  no  appreciable  loss  in  efficiency,  even  though 
the  heating  value,  the  specific  gravity,  and  pressure  vary  over 
considerable  limits.  Certain  types  of  gas  lamps  and  industrial 
appliances  which  demand  a  rather  constant  B.  t.  u.  rate  per 
hour  would  not  operate  as  satisfactorily  under  these  conditions. 
In  general,  the  less  variation  there  is  in  heating  value,  composition, 
specific  gravity,  and  gas  pressure,  the  easier  it  is  to  adjust  the 
appliances  to  the  most  ideal  condition  and  the  more  satisfactory 
will  be  the  service. 
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RECLAMATION  OF  USED  PETROLEUM  LUBRICATING 

OILS. 
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ABSTRACT. 

Used  lubricating  oils  may  be  reclaimed  by  apparatus  already  commercially  available 
and  thus  saved  for  further  use.  Such  reclaimed  oils  will  pass  all  the  commonly 
accepted  tests  for  new  oils,  such  as  flash  point,  viscosity,  and  sediment.  It  is  more 
doubtful  whether  the  reclamation  process  sufficiently  reduces  the  organic  acidity 
and  sulphur  content,  but  there  is  some  doubt  whether  this  is  necessary.  There  is 
little  possibility  that  the  organic  acidity  would  ever  be  high  enough  in  an  uncom- 
pounded  oil  to  cause  corrosion.  It  is  often  the  case  that  high  acidity  is  accompanied 
by  readiness  of  emulsification,  but  exceptions  have  been  found,  so  that  the  value 
of  the  test  for  acidity  must  lie  in  the  possibility  that  an  oil  of  high  acidity  will  not 
prove  durable  in  use.  When  more  is  known  concerning  the  best  test  for  durability 
of  an  oil,  it  may  be  necessary  to  modify  reclaiming  methods,  so  that  reclaimed  oils 
may  meet  such  test. 


CONTENTS. 

Page. 

I.  Introduction 93 

II.  The  deterioration  of  lubricating  oils  in  use 94 

III.  Present  methods  of  reclaiming  used  oils 95 

IV.  Tests  with  motor-oil  purifier 98 

V.  Organic  acidity 100 

VI.  Interfacial  tension 102 

VII.  Refining  processes 104 

VIII.  The  cause  of  sludge  formation 106 

IX.  Conclusions 108 

I.  INTRODUCTION. 

There  is  an  increasing  demand  for  petroleum  products  for  fuel 
and  lubricants  due  to  the  increasing  use  of  internal-combustion 
engines  in  the  Navy,  merchant  marine,  the  omnipresent  auto- 
mobile, and  elsewhere.  The  supply  of  crude  oil  from  the  petro- 
leum fields  of  the  United  States  can  not  be  increased  with  the 
same  rapidity,  and  it  is  already  necessary  to  import  crude  oil 
from  Mexico  in  large  and  increasing  amounts.  The  petroleum 
reserves  have  been  thoroughly  investigated  by  the  Geological 
Survey,  and  it  is  found  that  "a  big  fraction  of  the  domestic 
petroleum  is  gone.     Whether  that  fraction  is  one-third,  as  present 
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knowledge  indicates,  or  is  one-fourth  or  even  one-fifth  makes  no 
difference  in  the  consideration  demanded  by  the  situation."1 

In  the  western  part  of  the  United  States  there  is  an  abundance 
of  oil  shale,  but  the  processes  of  extracting  and  refining  the  oil 
are  still  in  the  experimental  state,  and  shale  oil  must  be  regarded 
as  a  product  of  the  future  rather  than  as  a  means  already  avail- 
able for  supplementing  the  petroleum  from  the  wells. 

Oil  used  as  fuel  is  lost  past  recovery,  but  much  of  the  lubricating 
oil  which  has  been  used  and  discarded  as  unfit  for  further  service 
can  be  reclaimed.  Automobile  oils  especially  deteriorate  rapidly 
in  use,  but  the  used  oil  may  be  restored  to  its  original  condition 
by  processes  already  applied  on  a  commercial  scale  in  several 
cities.  Thus,  the  reclamation  of  used  oils  furnishes  a  method, 
already  available,  of  aiding  in  the  conservation  of  an  irreplaceable 
natural  resource. 

II.  THE  DETERIORATION  OF  LUBRICATING  OILS  IN  USE. 

It  has  become  recognized  as  good  practice,  especially  for  high- 
speed machinery,  to  use  a  forced-feed  lubricating  system,  the  oil 
being  pumped  from  a  settling  tank  through  the  bearings  and  al- 
lowed to  flow  back  to  the  tank.  The  oil  is  thus  used  over  and  over 
again,  and  under  these  conditions  it  gradually  oxidizes  and  grows 
more  viscous  and  may  eventually  form  a  deposit  known  as  sludge. 

There  are  additional  causes  of  deterioration  of  oils  which  are 
used  in  internal-combustion  engines,  as  in  automobiles.  The 
oil  in  the  crank  case  is  usally  diluted  by  kerosene  (the  "heavy 
ends"  or  unvolatilized  fraction  of  the  gasoline)  which  tends  to 
make  the  oil  decrease  in  viscosity  with  use.  On  account  of  this 
crank-case  dilution  it  is  not  always  easy  to  distinguish  between 
troubles  due  to  the  oil  and  those  due  to  the  fuel.  When  there  is 
corrosion  in  the  crank  case,  there  is  at  least  as  much  probability 
that  it  is  due  to  sulphur  in  the  fuel  as  to  any  property  of  the  oil 
when  new.  There  is  also  a  possibility  of  dilution  by  a  volatile 
product  of  "cracked"  oil,2  but  the  amount  of  this  material  may  be 
assumed  negligible  in  comparison  with  the  heavy  ends  of  the 
fuel.  The  conditions  of  use  in  an  automobile  cylinder  are  very 
severe,  the  oil  film  being  exposed  to  great  heat  which  burns 
away  part  of  the  oil,   leaving  so-called  carbon   deposits  which 

1  C.  G.  Gilbert  and  J.  E.  Pogue,  Smithsonian  Institution  Bull.  102,  1,  p.  55;  1919. 

2  While  cracking  is  here  undesirable,  cracking  processes  are  of  great  commercial  importance  in  increasing 
the  yield  of  gasoline  from  a  barrel  of  crude  oil.  See  W.  F.  Rittman,  C.  B.  Dutton,  and  E.  W.  Dean,  Bulle- 
tin 114,  Bureau  of  Mines,  p.  5;  1916. 
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work  their  way  with  the  kerosene  past  the  piston  rings  and  down 
into  the  oil  in  the  crank  case.3  In  special  cases,  when  the  piston 
rings  are  very  tight  and  a  very  volatile  fuel  is  used,  there  may  be 
little  or  no  dilution,  and  the  oil  increases  in  viscosity  with  use,  as 
it  does  in  a  steam  turbine. 

Improvements  in  engine  design  have  been  proposed  to  prevent 
the  kerosene  from  reaching  the  crank  case  or  to  distil  it  off  con- 
tinuously,4 but  these  devices  are  not  in  general  use,  and  it  may  be 
assumed  necessary  to  remove  the  kerosene  from  used  automobile 
oils  in  order  to  bring  them  back  to  their  original  viscosity.  It  is 
safe  to  expect  that  improvements  in  engine  design  will  not  be 
perfected  and  adopted  rapidly  enough  to  counterbalance  the 
steady  decrease  in  the  volatility  of  the  fuel,5  and  thus  to  prevent 
crank-case  dilution. 

III.  PRESENT  METHODS  OF  RECLAIMING  USED  OILS. 

Several  companies  are  now  furnishing  apparatus  for  reclaiming 
used  oil  either  in  batches  or  continuously.  Considering  first  a 
process  devised  about  191 5,  the  reclaimer  comprises  a  double 
steel  shell,  the  annular  space  between  the  two  shells  serving  as  a 
water  jacket.  A  continuous  supply  of  hot  water  maintains  a 
temperature  of  140  to  1600  F.  (60.0  to  71.10  C.)  in  the  oil  under 
treatment.  The  inside  shell  is  filled  with  equal  parts  of  used  oil 
and  water.  A  pound  of  "special  coagulant"  for  each  4  gallons  of 
oil  is  dissolved  in  hot  water  and  added  to  the  oil,  which  is  then 
thoroughly  agitated  for  10  minutes  by  compressed  air  or  other- 
wise. The  clean  oil  is  drawn  off  after  the  mixture  has  been  al- 
lowed to  settle  for  about  10  hours. 

It  is  stated  that  "the  effect  of  this  coagulant  is  not  due  to 
chemical  action,  but  is  purely  mechanical,  being  based  on  the 
scientific  principle  of  relative  surface  tensions  of  oil  and  water." 
It  is  difficult  to  judge  the  efficiency  of  this  system,  since,  in  the 
illustration  given,  the  used  oil  taken  from  an  oil  engine  had  a 
higher  flash  point  than  the  new  oil,  showing  that  there  was  no 
crank-case  dilution  from  a  volatile  cracked  product. 

Another  system  which  is  extensively  employed  utilizes  centrifu- 
gal force  to  remove  impurities.     The  oil  is  first  heated  by  blowing 

3  For  the  nature  of  carbon  deposits  see  B.  S.  Circular  No.  99,  p.  4,  1920,  and  F.  H.  Garner,  J.  Inst.  Petro- 
leum Technologists.  April,  192 1. 

4  W.  F.  Parish,  Scientific  Lubrication,  1,  p.  5;  1921.    W.  F.  Parish,  J.  Soc.  Automotive  Engineers,  7,  p. 
231;  1921.    G.  A.  Kramer,  J.  Soc.  Automotive  Engineers,  6,  p.  123;  1920. 

D  H.  H.  Hill  and  E.  W.  Dean,  Bulletin  191,  Bureau  of  Mines,  p.  100;  1920.     N.  A.  C.  Smith,  Bureau  of 
Mines,  Reports  of  Investigations,  Serial  No.  2272,  August,  1921. 
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live  steam  into  it,  which  removes  the  kerosene,  and  is  then  run 
through  the  centrifugal  purifier,  which  removes  all  the  water, 
metallic  particles,  and  all  of  the  carbon  "except  that  which  is  in 
colloidal  suspension."  It  is  claimed  that  the  colloidal  carbon  will 
not  affect  the  lubricating  qualities  of  the  oil,  but  that  it  can  be 
removed  if  desired  by  adding  a  "  countercolloid "  before  centri- 
fuging,  a  countercolloid  evidently  being  a  material  to  flocculate 
the  colloids. 

A  continuous  by-pass  filtering  system 6  is  coming  into  use  for 
keeping  steam-turbine  oil  in  good  condition  and  thus  preventing 
the  necessity  of  reclaiming  oil  in  batches.  The  incoming  oil  is 
heated  when  necessary  to  lower  its  viscosity  and  thus  reduce  its 
ability  to  retain  water  and  solid  particles  in  suspension.  Precipi- 
tation is  induced  by  low  velocities  over  shallow  trays,  and  the  oil 
finally  passes  through  closely  woven  cloth  by  gravity.  Table  1 
gives  some  indication  of  the  extent  to  which  a  continuous  filtra- 
tion system  retards  the  increase  in  viscosity  and  in  acidity  during 
use.     It  is  assumed  that  the  acidity  is  referred  to  oleic  acid  in  both 


cases. 


TABLE  1. — Effect  on  Steam-Turbine  Oils  of  Continuous  Filtration. 


Test. 

National  Electric 
Light  Association, 
without  nitration. 

General  Electric 
Review,  with  fil- 
tration. 

New 
oil. 

Alter  9 
months. 

New 
oil. 

After  30 

months' 

use. 

Viscosity  Saybolt  universal  at  100°  F seconds. . 

Acidity                                                per  cent. . 

148 

189 
.85 

138 

139 
.25 

There  is  need  of  much  more  data  to  show  how  much  of  the  differ- 
ence in  rate  of  deterioration  of  the  oil  indicated  in  Table  i  is  due 
to  filtration  and  how  much  to  a  difference  in  the  quality  of  the  oils 
when  new.7  But  apparently  the  acid  tends  to  become  segregated 
in  the  sludge,  and  the  removal  of  sludge  thus  decreases  the  per- 
centage of  acidity,  although  the  method  of  filtering  is  not  a  deoxi- 
dizing process,  like  filtering  through  fuller's  earth  in  the  refining 
of  oil. 


•Gen.  Elec.  Rev.;  May,  1921.  Report  of  Prime  Movers  Committee,  National  Electric  Light  Associa- 
tion, p.  8;  1921. 

7  For  changes  in  demulsibility  with  use  see  Winslow  H.  Herschel,  B.  S.  Tech.  Papers,  No.  86,  p.  36;  1917. 
Demulsibility  is  a  measure  of  the  readiness  of  separation  from  an  emulsion  with  water  and  varies  inversely 
as  the  acidity. 
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It  is  evident  that  the  above-described  method  of  filtering  will 
not  remove  kerosene  and  can  not  be  applied  to  the  more  compli- 
cated task  of  reclaiming  motor  oils.  The  following  apparatus  is 
used  in  reclaiming  airplane  motor  oils  and  was  used  in  the  inves- 
tigation to  be  described  later: 

The  purifier  consists  essentially  of  two  coaxial  cylindrical  shells 
of  galvanized  sheet  steel,  the  space  between  being  heated  by  steam. 
The  apparatus  is  covered  with  a  conical  hood,  which  can  be  easily 
raised  or  lowered  by  means  of  a  counterpoise.  After  100  gallons 
of  dirty  or  used  oil  has  been  poured  or  pumped  into  the  inner  shell 
and  the  hood  closed,  steam  at  about  30  pounds  gage  pressure  is 
admitted  to  the  steam  jacket  until  the  thermometer  shows  a 
reading  of  from  190  to  2120  F.  (87.8  to  ioo°  C).  Steam  is  now 
admitted  to  the  inner  shell,  thus  agitating  the  oil  and  at  the  same 
time  raising  its  temperature  to  between  200  and  2120  F.  (93.3 
and  ioo°  C).  The  necessary  length  of  agitation  depends  upon 
the  viscosity  of  the  oil  and  the  amount  of  dirt  and  kerosene  it 
contains.  The  progress  of  driving  off  the  kerosene  is  watched  by 
testing  samples  of  oil  for  flash  point.  When  the  flash  point  has 
reached  approximately  as  high  a  value  as  that  of  the  new  oil  it  is 
known  that  the  kerosene  has  nearly  all  been  driven  off.  The 
maximum  time  generally  found  necessary  for  steaming  is  one 
hour. 

According  to  the  directions  for  operating  the  apparatus  it  may 
be  necessary  to  finish  the  steam  agitation  of  the  oil  at  a  higher 
pressure  than  30  pounds.  It  is  evidently  impracticable,  however, 
to  drive  off  all  the  kerosene,  since  the  end  point  for  the  highest 
grade  of  aviation  gasoline8  is  1650  C.  (3290  F.),  a  temperature 
w-hich  could  only  be  reached  with  a  steam  pressure  of  87  pounds 
gage  pressure.  It  should  also  be  observed  that  the  flash  point  of 
a  blended  oil  is  higher  than  that  of  the  constituent  having  the 
lower  flash  point,9  a  fact  which  increases  the  difficulty  of  detecting 
the  presence  of  small  amounts  of  diluent. 

After  steam  agitation  has  been  completed  from  one-eighth  to 
one-fourth  pound  of  soda  ash  or  sal  soda  for  each  gallon  of  oil  to 
be  treated  should  be  thoroughly  dissolved  in  sufficient  water  to 
obtain  a  saturated  solution  and  the  solution  mixed  with  the  oil. 
The  function  of  the  soda  is  to  coagulate  the  carbon  and  other 
suspended  impurities,  the  amount  of  soda  required  varying  with 
the  nature  of  the  used  oil,  though  an  excess  of  soda  does  no  harm. 

6  Technical  Paper  No.  305,  Bureau  of  Mines,  p.  3;  1922. 

9  H.  C  Sherman,  T.  T.  Gray,  and  H.  A.  Hammerschlag,  J.  Ind.  and  Eng.  Chem.,  1,  p.  15;  1909. 
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After  adding  the  soda  solution  the  mixture  is  again  agitated  by 
steam  for  a  minimum  period  of  15  minutes  for  light  oils  and 
longer  for  heavy  oils.  When  using  washing  powders,  which  are 
said  to  give  better  results  than  sal  soda,  the  steaming  is  the  same 
as  with  sal  soda,  except  that  5  to  15  minutes  before  the  steaming 
is  finished  about  1  pound  of  washing  powder  to  75  gallons  of  dirty 
oil  is  added  by  sprinkling  it  upon  the  top  of  the  oil.  Some  oils 
require  as  much  as  4  pounds  of  washing  powder. 

The  oil  is  now  allowed  to  settle,  10  hours  being  usually  sufficient 
for  light  oils.  During  the  settling  period  the  steam  jacket  is  kept 
at  a  temperature  of  1800  F.  (82. 20  C),  but  with  heavy  oils  it  is 
well  to  keep  the  temperature  at  from  190  to  2000  F.  (87.8  to 
93.3 °  C.)  or  as  high  as  is  possible  without  agitating  the  oil. 
Samples  are  taken  from  time  to  time  and  heated  to  2120  F. 
(ioo°  C).  The  presence  of  moisture  is  indicated  by  foaming,  and 
particles  of  carbon  still  in  the  oil  can  be  seen  by  diluting  with 
gasoline. 

When  the  settling  is  completed,  there  will  be  three  layers  in  the 
inner  compartment— water  at  the  bottom,  then  sludge,  and  clean 
oil  at  the  top.  The  clean  oil  is  drawn  off  by  admitting  water  to 
the  bottom  of  the  purifier.  It  is  not  desirable  to  try  to  get  the 
last  pint  of  clean  oil  off  the  sludge,  because  the  surface  of  the 
sludge  is  irregular.  The  clean  oil  in  being  drawn  off  passes  over 
a  brightly  polished  overflow  in  a  thin  sheet,  so  that  it  can  readily 
be  seen  whether  the  oil  is  bright  and  clear.  As  soon  as  particles 
of  sludge  appear  on  the  overflow  the  oil  should  be  diverted  to  the 
dirty  oil  tank. 

IV.  TESTS  WITH  MOTOR-OIL  PURIFIER. 

The  above-described  apparatus  was  used  through  the  courtesy 
of  Lieut.  Walter  K.  Burgess  10  in  an  investigation  of  its  efficiency 
in  restoring  to  airplane  oils  their  original  properties,  and  Table  2 
shows  the  results  obtained.  The  oil  is  drained  from  the  crank 
case  of  the  airplanes  after  each  trip,  and  trips  vary  in  length,  but 
the  average  length  of  time  in  use  may  be  estimated  as  not  over 
five  hours.  The  sludge  mentioned  in  the  last  column  was  taken 
from  the  middle  layer  of  the  purifier. 

10  Engineer  officer,  Boiling  Field,  Washington,  D.  C. 
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TABLE  2.— Data  on  Results  of  Reclaiming  Airplane  Motor  Oil. 


Test. 

New  oil. 

Used  oil. 

Reclaimed 
oil. 

Sludge. 

Flash 

°F.. 

°F.. 

seconds. . 

518 
618 
130 

.056 
None. 

.05 
.897 

2.35 
.20 
.09 

Zero. 

248 

536 

104 
.112 
.05 

2.00 
.896 

1.48 

473 
563 
115 

.056 
None. 

1.00 
.898 

1.36 

.02 
.15 
(2) 

Fire 

Viscosity,  Saybolt  universal  at  210°  F 

Acidoty  (mg  KOH  per  gram  of  oil) 

0  222 

Water 

Sediment 

Specific  gravity,  g? 

per  cent. . 

do.... 

17.00 

15.00 
.903 

1  35 

Waters  carbonization  1 

do.... 

do.... 

Sulphur  • 

Demulsibility,  180 

.16 
Zero. 

.11 

1  The  authors  are  indebted  to  C.  E.  Waters  for  the  carbonization  and  sulphur  tests  and  to  N.  Berryman, 
also  of  this  bureau,  for  the  carbon  residue  test. 

2  Would  not  emulsify. 

All  tests  were  made  by  the  methods  adopted  by  the  Interde- 
partmental Petroleum  Specifications  Committee,11  with  the  follow- 
ing exceptions :  Tests  for  demulsibility  were  run,  except  in  regard 
to  temperature,  according  to  Technologic  Papers  of  the  Bureau 
of  Standards,  No.  86,  and  Waters  carbonization  according  to  Cir- 
cular of  the  Bureau  of  Standards,  No.  99,  previously  referred  to. 
Sulphur  was  determined  according  to  Technologic  Papers  of  the 
Bureau  of  Standards,  No.  177,  page  19,  1920. 

The  following  method  was  used  for  determining  acidity  and  is 
believed  to  give  more  accurate  though  higher  results  than  the 
usual  method.  Forty  grams  of  oil  is  accurately  weighed  and  put 
into  an  Erlenmeyer  flask,  100  cc  of  95  per  cent  ethyl  alcohol  is 
added,  and  the  contents  of  the  flask  are  thoroughly  agitated;  100 
cc  of  distilled  water  is  then  added  and  the  flask  allowed  to  stand 
for  24  hours.  The  flask  is  heated  to  the  boiling  point,  again  agi- 
tated, and  50  cc  of  gasoline  added.  Using  phenolphthalein  as  an 
indicator,  the  titration  is  made  with  N/10  KOH  solution  and  the 
acidity  calculated  from  the  formula  1  cc  N/10  solution  =  5.6  mg 
KOH  per  gram  of  oil.  A  blank  should  be  run,  deducting  the  cubic 
centimeters  required  to  neutralize  the  blank  from  the  cubic  cen- 
timeters required  to  neutralize  the  unknown  sample. 

It  will  be  noted  that  the  flash  and  fire  points  are  higher  for 
the  reclaimed  than  for  the  used  oil,  but  not  as  high  as  for  the  new 
oil,  which  is  as  would  be  expected.  The  viscosity  of  the  reclaimed 
oil  could  be  less  readily  foretold,  because  the  kerosene  which  is 
not  entirely  eliminated  tends  to  reduce  the  viscosity,  and  the 
oxidation  of  the  oil  tends  to  raise  the  viscosity.     A  longer  period 

11  Technical  Paper  298,  Bureau  of  Mines,  1922. 
10388°— 22 2 
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of  use  would  be  necessary  to  tell  from  the  change  in  viscosity 
whether  or  not  the  oxidation  was  excessive. 

Table  2  shows  that  both  the  carbon  residue  and  Waters  car- 
bonization were  considerably  reduced  by  reclaiming.  On  the 
other  hand,  the  sediment  in  the  reclaimed  oil  is  much  higher  than 
in  the  new  oil,  probably  due  to  taking  off  too  large  a  quantity  of 
the  reclaimed  oil  in  an  endeavor  to  increase  the  yield.  This 
observation  led  to  an  examination  of  the  amount  of  sediment  in 
the  oil  at  different  depths  in  the  purifier,  with  the  results  given 
in  Table  3. 

TABLE  3.— Examination  of  Samples  Taken  at  Intervals  During  Drawing  Off  of 

Reclaimed  Oil. 


Test. 


Sample 
No.  1. 

Sample 
No.  2. 

Sample 
No.  3. 

0.11 
1.53 
110 

.21 

.03 

.01 

None. 

0.11 

0.11 
1.56 

no 

.21 

.03 

.01 

None. 

105 
.21 

.01 

None. 

Sample 
No.  4. 


Acidity mg  KOH. 

Carbon  residue per  cent. 

Viscosity  Saybolt,  universal  at  210°  F seconds. 

Sulphur per  cent. 

Carbonization do. . . 

Sediment do. . . 

Water do. . 


0.17 


310 


.21 


.03 
2.0 


The  increase  in  values  of  the  last  column  shows  the  danger  in 
attempting  to  reclaim  too  high  a  percentage  of  the  oil.  It  is 
much  better  to  return  the  tailings  to  the  used  oil  tank  and  treat  this 
with  the  next  batch,  the  high  values  showing  that  the  sludge  from 
the  middle  layer  in  the  purifier  was  beginning  to  come  off  with 
the  oil. 

V.  ORGANIC  ACIDITY. 

The  oil  of  Table  2  was  not  used  long  enough  to  develop  much 
acidity,  and  the  acidity  was  reduced  to  that  of  the  new  oil  by  the 
process  of  reclaiming.  With  automobile  oils  which  are  used  for 
longer  periods  of  time  and  which  develop  a  higher  acidity  there 
is  more  difficulty  in  reducing  the  acidity,  and  the  question  there- 
fore arises  whether  this  is  necessary. 

It  had  previously  been  supposed  that  all  oils  high  in  acidity 
would  be  low  in  demulsibility  or  resistance  to  emulsification,  but 
this  opinion  was  based  entirely  on  tests  made  on  eastern  oils. 
When  California  oils  were  investigated,  it  was  found  quite  possible 
to  have  an  oil  high  in  acidity  and  yet  high  in  demulsibility.  That 
is,  of  two  oils  of  the  same  acidity,  one  from  the  Bast  and  one 
from  California,  the  latter  would  have  the  higher  demulsibility. 
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This  is  shown  by  a  comparison  of  data  previously  obtained  from 
eastern  oils  12  with  Table  4  for  California  oils. 

TABLE  4. — Properties  of  Lubricating  Oils  from  California  Crude   Oils. 


Oil  No. 

Acidity. 

Demulsi- 

bility, 

with 

water, 

130°  F. 

Viscosity, 
Saybolt 
universal 

at  100° F. 

Number 
of  drops.1 

1   

MgKOH 

1.30 
1.05 
1.08 
1.34 

1.51 

0.62 
1.09 
1.20 
0.76 
0.67 
1.15 

240 
200 
600 
60 
228 

120 
90 
168 
104 
163 
120 

Seconds. 
339 
330 
280 
280 
96 

465 
335 
209 
470 
195 
392 

41 

2 

36 

3...                         

35 

4 

35 

5                       

24 

6  

35 

7  

37 

8                   

41 

9 

39 

10 

43 

11 

45 

I  Obtained  with  a  Gardner  and  Holdt  interfacial  tension  apparatus.     The  interfacial  tension  is  inversely 
proportional  to  the  number  of  drops  in  a  given  volume,  as  explained  later. 

It  should  not  be  assumed  that  the  acidity  of  all  California 
lubricating  oils  would  average  as  high  as  in  Table  4,  the  oils  for 
which  were  selected  to  show  the  relation  between  acidity  and 
demulsibility,  yet  there  is  no  doubt  that  the  average  California 
oil  is  much  higher  in  acidity  than  the  average  eastern  oil.  The 
question  to  be  decided  is  whether  the  California  oils  contain  the 
same  or  an  equally  undesirable  acid  as  the  eastern  oils. 

In  all  cases  the  demulsibility  when  run  with  normal  NaOH 
solution  in  place  of  distilled  water  was  zero,  and  the  corrosion 
test  gave  a  negative  result.  It  was  noted  in  making  the  demul- 
sibility tests  with  water  that  in  many  cases  the  oil  separated 
quickly  but  incompletely  from  an  emulsion,  and  this  brought  to 
mind  the  contention  of  Conradson  13  that  completeness  of  separa- 
tion is  an  important  property  of  the  oil  which  ought  to  be  tested 
by  determining  the  percentage  of  water  in  the  upper  layer  which 
separates  out  from  an  emulsion.  This  idea  is  carried  out  in  the 
Government  methods  for  testing  petroleum  products.14 

It  is  desirable  that  oils  should  have  high  demulsibility  or  sepa- 
rate readily  from  water,  both  in  order  that  they  may  not  cause 
trouble  by  emulsifying  in  use  or  in  being  reclaimed.  But  if  the 
oil  is  noncorrosive  and  it  separates  rapidly  and  completely  enough 
from  an  emulsion,  then  the  desirability  or  undesirability  of  high 
acidity  must  be  based  on  other  grounds. 

II  B.  S.  Tech.  Papers.  No.  86,  p.  28;  1917. 

13  P.  H.  Conradson,  Proc.  A.  S.  T.  M.,  16,  part  2,  p.  273;  1916. 

14  Method  300.4  (Technical  Paper  298,  p.  40) ,  for  obtaining  water  by  centrifuge,  is  for  use  in  this  connection. 
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In  some  English  experiments  l5  petroleum  acid  was  produced  by- 
blowing  air  through  neutral  filtered  spindle  oil  heated  to  a  high 
temperature  (360  to  4000  F.,  182  to  2040  C.)  to  accelerate  the 
oxidation.  To  the  oil  thus  prepared  was  added  the  prescribed 
amount  of  oildag,  and  it  was  found  that  the  presence  of  0.1  per 
cent  of  petroleum  acid  caused  complete  precipitation  of  the 
graphite  in  five  hours.  More  important  considerations  are  the 
possible  reduction  in  coefficient  of  friction  due  to  the  use  of  an 
oil  of  high  acidity  or,  on  the  other  hand,  an  increase  in  the  rate 
of  oxidation  in  use. 

VI.  INTERFACIAL  TENSION. 

The  question  of  organic  acidity  has  been  in  a  chaotic  condition 
ever  since  Wells  and  Southcombe  l6  found  that  certain  organic 
acids  added  to  a  petroleum  oil  in  minute  quantities  had  the  effect 
of  considerably  reducing  the  coefficient  of  friction.  They  used 
organic  acids  derived  from  fatty  oils,  and  they  emphasize  the 
point  that  all  organic  acids  do  not  have  the  effect  of  decreasing  the 
interfacial  tension  between  the  lubricant  and  the  bearing  metal 
and  thus  decreasing  the  coefficient  of  friction. 

It  is  interesting  to  observe  that  while  the  use  of  compounded 
oils  in  steam-engine  cylinders  is  a  well-established  practice,  com- 
pounded oils  are  practically  never  used  in  internal-combustion 
engines  in  the  United  States,  although  their  use  in  such  engines 
appears  to  be  well  established  in  England.17  It  can  not  be  assumed 
without  further  evidence  that  the  petroleum  acids  will  be  as  advan- 
tageous as  the  organic  acids  derived  from  fatty  oils,  the  term 
"petroleum  acids"  being  used  for  the  unidentified  acids  to  be 
found  in  petroleum  oils  which  are  free  from  fatty  and  mineral 
acids.  It  is  possible  that  if  a  certain  amount  of  acidity  is  desirable 
a  compromise  would  have  to  be  made  between  too  much  acid 
which  would  be  an  indication  of  a  "gummy"  oil  and  too  little  acid 
which  would  prevent  the  attainment  of  the  lowest  practicable 
coefficient  of  friction. 

15  Bull.  No.  4,  Dept.  of  Scientific  and  Industrial  Research,  p.  20;  1920. 

M  H.  M.  Wells  and  J.  E.  Southcombe,  J.  Soc.  Chem.  Ind.,  p.  51  T;  1920.     Winslow  H.  Herschel,  J.  S.  A.  E., 
10,  pp.  31,  369;  1922. 
17  Gee.  H.  Hurst,  Lubricating  Oils,  Fats,  and  Greases,  p.  323;  1911. 
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Pending  the  construction  of  a  suitable  oil-friction  testing 
machine  the  apparatus  of  Donnan,18  as  used  by  Wells  and  South- 
combe,  was  used  to  determine  the  effect  of  variations  in  organic 
acidity  upon  the  interfacial  tension.  With  this  apparatus  drops 
of  oil  are  released  under  water,  and  the  relative  interfacial  tension 
of  different  oils  is  indicated  by  the  size  or  number  of  drops  in  a 
given  volume.  It  was  found  that  the  apparatus  gave  somewhat 
discordant  results.  This  was  attributed  to  the  impossibility  of 
keeping  the  end  of  the  capillary  absolutely  clean,  and  somewhat 
better  results  were  obtained  after  the  end  had  been  tapered  to  a 
thin  edge. 

Since  making  the  required  samples  by  isolating  the  acid  and 
adding  it  to  a  neutral  oil  in  various  proportions  would  have  been, 
if  possible,  a  prolonged  operation,  the  samples  were  prepared  by 
mixing  in  various  proportions  an  oil  of  high  acidity  with  one  of 
low  acidity.  It  was  at  first  assumed  that  a  used  oil  would  be 
suitable  for  the  oil  of  high  acidity,  but  one  which  was  discarded 
as  unfit  for  further  use  in  an  engine  gave  an  acidity  of  only  0.20 
mg  KOH.  This  showed  62  drops  in  the  interfacial  tension  appa- 
ratus. The  oils  used  in  blending  were,  (A)  a  class  B  oil  purchased 
on  Government  specifications,  (B)  an  eastern  oil  of  unusually 
high  acidity  which  had  emulsified  when  used  in  an  automobile, 
and  (C)  lard  oil  several  years  old,  the  same  sample  as  used  by 
Bingham.19 

The  viscosities  of  blends  of  oils  A  and  B  did  not  vary  more  than 
the  experimental  error,  the  corrosion  test  showed  negative  results, 
and  the  demulsibility  was  zero  for  acidities  of  0.33  mg  KOH  and 
over.  With  blends  of  oils  A  and  C  the  viscosity,  Saybolt  Universal 
at  250  C.  (770  F.),  varied  from  1,134  seconds  for  oil  A  to  338  for 
oil  C.  The  demulsibility  was  reduced  to  zero  by  the  addition 
of  12.5  per  cent  of  the  lard  oil.  A  compound  with  37.5  per  cent 
of  lard  oil  with  an  acidity  of  2.69  mg  KOH  showed  slight  cor- 
rosion, and  higher  acidities  showed  much  greater  corrosion. 
The  comparison  of  acidities  and  number  of  drops  obtained  with 
the  interfacial  tension  apparatus  is  shown  in  Table  5. 

18  F.  G.  Donnan.  Zs.  f .  Physik.  Chem.,  31.  The  apparatus  as  made  in  the  United  States  is  illustrated  in 
paper  by  H.  A.  Gardner  and  P.  C.  Holdt,  Circular  124,  Paint  Manufacturers'  Assoc,  of  the  U.  S.,  p.  6;  May, 
192 1. 

19  E.  C.  Bingham,  B.  S.  Tech.  Papers.  No.  204,  p.  59;  1922. 
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TABLE  5. — Interfacial  Tension  of  Oils  of  Various  Acidities. 

BLENDS  OF  OILS  A  AND  B. 


[Vol.  17 


Oil  A  (per  cent). 


100. 
95. 
90. 
85. 
80. 

75. 
70. 
65. 
60. 
55. 


Acidity 

Number 

(mg 
KOH). 

of  drops. 

0.04 

66 

.08 

70 

.12 

77 

.17 

80 

.20 

82 

.22 

85 

.28 

85 

.32 

76 

.33 

73 

.40 

71 

Oil  A  (per  cent). 


Acidity 

(mg 
KOH). 


0.45 
.48 
.52 
.56 
.59 

.61 
.68 
.72 
.76 


Number 
of  drops. 


OIL  A  COMPOUNDED  WITH  OIL  C. 

100.0 

0.04 
1.12 
1.85 
2.69 
3.66 

66 
110 
113 
111 

95 

37.5 

4.59 
5.47 
6.38 
7.28 

95 

87.5                                   

25.0 

86 

75.0 

12.5 

95 

62.5 

0.0 

102 

50. 0 

Table  5  shows  a  decrease  in  interfacial  tension  due  to  the 
addition  of  lard  oil,  but  results  with  blends  of  oils  A  and  B  are 
inconclusive.  Apparently  either  the  apparatus  is  not  accurate 
enough  to  detect  the  slight  differences  in  acidity  between  different 
samples  or  the  petroleum  acids  in  different  oils  were  not  the  same, 
and  the  effect  of  blending  different  unknown  acids  in  varying 
proportions  can  not  be  foretold. 

VII.  REFINING  PROCESSES. 

The  acidity  of  a  lubricating  oil  may  be  due  to  acidity  of  the 
crude  oil  or  may  be  developed  during  the  process  of  refining. 
Acidities  of  crude  oil  are  not  ordinarily  reported,  but  they  are 
apparently  relatively  low.  Three  samples  selected  at  random 
showed  acidities  of  0.11,  0.06  and  0.06  mg  KOH  for  Texas,  Mid- 
continent,  and  Pennsylvania  crudes,  respectively.  If  there 
was  no  reduction  of  acidity  due  to  the  refining,  the  acidity  of  a 
lubricating  oil  would  be  much  greater  than  that  of  the  original 
crude  on  account  of  the  concentration  of  the  acid  of  the  crude 
in  the  much  smaller  volume  of  the  lubricant. 

The  process  of  refining  must  necessarily  vary  with  the  nature 
of  the  crude  oil,  but  it  consists  in  general  of  distilling  off  the 
lighter  portion  from  which  fuels  are  made  and  continuing  the 
process  to  obtain  the  lubricating  oils  distillate.  This  distillate 
is  separated  by  a  second  distillation  into  fractions  of  different 


Ari&son]  Reclaiming  Used  Lubricating  Oils.  105 

viscosities,  and  the  fractions  are  treated  with  sulphuric  acid  and 
neutralized  with  caustic  soda,  the  soda  apparently  acting  to  pre- 
cipitate impurities  as  well  as  to  neutralize  the  acid  left  in  the 
oil.  Filtration  through  fuller's  earth  serves  a  similar  purpose 
to  the  acid  treatment.  In  the  case  of  oils  containing  much  oxygen 
a  preliminary  treatment  with  soda  before  distillation  may  be 
beneficial,20  and  where  there  is  considerable  sulphur  in  the  crude 
it  may  be  necessary  to  redistil  after  acid  treatment  and  neutrali- 
zation. The  most  probable  action  of  this  redistillation  is  to  break 
up  the  compounds  formed  by  the  action  of  the  sulphuric  acid  on 
some  of  the  constituents  of  the  oil  and  allow  the  sulphur  dioxide 
to  escape. 

A  certain  amount  of  cracking  as  well  as  oxidation  is  unavoid- 
able in  refining,  although  ordinarily  steam  is  introduced  to  pre- 
vent the  cracking  as  much  as  possible,  and  in  some  cases  a  vacuum 
is  employed  for  the  same  purpose.  It  is  reasonable  to  suppose 
that  an  oil  which  will  oxidize  or  disintegrate  more  readily  than 
another  in  refining  will  also  deteriorate  more  rapidly  in  use. 

Since  acidity  is  developed  during  oxidation,  an  acidity  test 
may  be  used  as  an  indication  of  the  resistance  of  the  oil  to  oxi- 
dation or  of  the  adequacy  of  the  acid  treatment  or  filtration  to 
reduce  the  acidity  thus  formed  or  that  originally  present  in  the 
crude.  It  might  appear  at  first  sight  that  the  acidity  test  is  of 
small  value  in  the  case  of  an  automobile  oil,  since  the  acidity  is 
increased  (or  the  demulsibility  reduced)  after  a  very  short  time 
in  use,  but  this  reasoning  is  not  valid.  The  difference  in  chemical 
stability  of  the  original  oils  still  remains.  If  all  of  a  series  of 
oils  will  emulsify,  it  proves  that  the  acidity  is  at  least  equal  to  the 
minimum  value  required  to  cause  emulsification,  but  not  that 
all  of  the  series  are  of  equal  acidity  or  that  all  will  deteriorate 
with  equal  rapidity. 

Adequate  filtration  or  great  care  in  the  removal  of  the  sludge 
formed  in  acid  treatment  will  produce  an  oil  which  will  be  satis- 
factory as  regards  acidity  or  demulsibility.  Only  0.1  per  cent 
of  the  acid  sludge  left  in  the  oil  would  reduce  the  demulsibility 
from  1,200  to  300.  Acid  treatment  is  also  said  to  reduce  the 
carbon  residue,  a  test  which  may  be  used  to  detect  oils  made  by 
blending  light  oils  with  unfiltered  cylinder  stock. 

It  is  apparently  more  difficult  to  reduce  the  carbonization 
value,  which  in  general  is  higher  for  naphthene  base  oils  and  for 

30  B.  Redwood,  A  Treatise  on  petroleum,  2,  p.  523;  1922. 
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oils  of  low  viscosity,21  while  the  carbon  residue  is  higher  for 
paraffin  base  crudes  and  for  oils  of  high  viscosity.  Whether  or 
not  the  carbonization  value  can  be  controlled  except  by  choice 
of  crude  has  no  bearing  upon  the  desirability  of  oils  showing  a 
low  carbonization  value  or  a  high  resistance  to  oxidation. 

VIII.  THE  CAUSE  OF  SLUDGE  FORMATION. 

Failure  of  lubrication  is  due  primarily  to  one  of  two  causes. 
Either  the  lubricant  becomes  so  low  in  viscosity  from  dilution  or 
from  excessively  high  temperatures  that  it  can  not  prevent  me- 
tallic contract,  or  it  may  fail  to  reach  the  rubbing  surfaces  be- 
cause it  is  too  viscous  or  full  of  sediment  or  sludge  to  pass  through 
the  oil  passages.  The  choice  of  an  oil  of  suitable  viscosity  when 
new  and  a  sufficiently  frequent  removal  of  the  diluent  will  guard 
against  the  first  form  of  failure.  An  emulsifying  oil  may  cause 
failure  from  the  second  cause,  even  if  sludge  and  sediment  are 
not  formed,  because  emulsions  are  more  viscous  than  the  oils 
from  which  they  are  made. 

It  is  not  certain  whether  sludge  should  be  regarded  as  an  emul- 
sion or  as  an  oxidation  product,  since  the  conditions  are  favor- 
able for  the  formation  of  both.  The  metallic  particles  from  the 
bearings  are  in  a  finely  divided  state  and  suited  to  cause  catalytic 
oxidation  of  the  oils.22  Waters  has  also  found  that  organic 
sulphur  compounds  present  in  the  crude  oil  and  not  removed  by 
refining  will  increase  the  rate  of  oxidation,  although  they  can  not 
be  detected  by  the  corrosion  test.     Elsewhere  he  remarks:23 

Transformer  oils  are  regarded  as  undesirable  if  they  contain  more  than  a  very- 
small  portion  of  sulphur,  because  this  element  is  believed  to  attack  the  wires  and 
also  to  increase  the  tendency  to  form  sludge.  *  *  *.  No  oil  which  contains  much 
sulphur  will  have  a  low  carbonization  value. 

These  quotations  suggest  the  use  of  the  tests  for  sulphur  or 
Waters  carbonization  to  select  an  oil  which  would  not  be  apt  to 
form  sludge  or  to  determine  whether  or  not  reclaimed  oils  had 
been  restored  to  as  good  a  quality  as  when  new.  While  the  test 
for  acidity  is  simpler,  it  is  doubtful  whether  it  would  serve  the 
same  purpose,  since  there  does  not  appear  always  to  be  a  marked 
correlation  between  acidity  and  carbonization,24  though  Waters  25 


21  W.  F.  Parish,  J.  Am.  Soc.  Nav.  Eng.,  32,  p.  55;  1920. 

22  C.  E.  Waters,  J.  Ind.  and  Eng.  Chem.,  13,  p.  901,  1921.  and  14,  p.  725;  is>"- 

23  C.  E.  Waters,  B.  S.  Tech.  Papers,  No.  177,  P-  8;  1920. 
u  B.  S.  Tech.  Papers,  No.  86,  p.  28. 

25  C.  E.  Waters,  B.  S.  Tech.  Papers,  No.  73;  1916. 
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found  that  acidity  and  carbonization  both  increased  when  oils 
were  exposed  to  sunlight. 

A  sludge  is  unlike  an  emulsion  in  that  it  does  not  form  suddenly 
but  only  after  the  oil  has  been  subjected  to  prolonged  use,  and  the 
formation  of  sludge  would  therefore  appear  to  be  due  to  changes  in 
the  oil  which  gradually  develop.  The  changes  which  are  known  to 
occur  are:  (a)  Accumulation  of  metallic  particles,  (6)  accumulation 
of  dust,  (c)  in  the  case  of  internal-combustion  engines  the  accumula- 
tion of  "carbon"  from  the  cylinders,  and  (d)  oxidation  of  the  oil, 
accompanied  by  an  increase  in  acidity  and  the  formation  of 
oxidation  products  of  a  tarry  or  asphaltic  nature. 

Of  the  four  possible  causes  of  sludge  formation  (d)  is  the  only 
one  which  depends  upon  the  lubricant.  It  is  not  certain  just  how 
oxidation  acts  to  cause  sludge  or  whether  or  not  sulphur  exerts  an 
influence.  There  appear  to  be  two  general  possibilities.  First, 
the  nucleus  of  a  particle  may  be  a  drop  of  water  which  is  sur- 
rounded by  colloidal  carbon,  the  oxidation  product  serving  as  a 
binder  to  make  the  carbon  into  a  continuous  coating,  so  that  the 
drops  are  prevented  from  coalescing.  Again,  the  nucleus  may  be 
a  particle  of  carbon  or  road  dust,  to  which  the  oxidation  products 
adhere.  When  the  sticky  particles  coalesce  into  sufficiently  large 
masses  to  be  visible  or  to  be  precipitated,  the  material  is  called 
sludge.  Examination  with  a  microscope  seemed  to  indicate  from 
the  lack  of  angularity  of  the  nucleus  that  it  was  a  drop  of  water,  and 
that  therefore  sludge  formation  was  a  case  of  permanent  emulsion 
due  to  colloids  or  finely  divided  solids.26  However  this  may  be, 
either  supposition  in  regard  to  the  formation  of  sludge  would 
point  toward  the  necessity  of  removing  carbon,  road  dust,  oxida- 
tion products,  and  a  possible  need  of  reducing  the  acidity  and  sul- 
phur content. 

Table  6  shows  results  of  the  examination  of  several  sludges. 
The  material  was  removed  from  the  turbine  oil  by  a  centrifuge,  it 
was  precipitated  from  the  crank-case  oil  by  gravity,  and  the  sludge 
from  the  transformer  oil  was  a  fairly  solid  mass  that  adhered  to 
the  core  of  the  transformer.  The  last  column  gives  data  on  the 
oil  from  which  the  crank-case  sludge  was  precipitated. 

26  See  T.  R.  Briggs,  J.  Ind.  and  Eng.  Chem.,  13,  p.  1008;  1921. 
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TABLE  6.— Analysis  of  Sludges. 
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Material. 

Turbine 
sludge. 

Trans- 
former 
sludge. 

Crank- 

case. 

sludge. 

Used  oil. 

Oil                          

Per  cent. 
48.90 
14.22 
11.54 
6.56 
18.64 

Per  cent. 

65.10 

4.20 

4.56 

25.44 

.48 

Per  cent. 

31.54 

.46 

62.68 

3.98 

1.  12 

Per  cent. 
74.09 

.06 

Volatile   

25.40 

.24 

Ash               

.16 

Total    

99.86 

99.78 

99.  7S 

99.95 

ANALYSIS  OF  ASH. 


Si02 

42.22 
35.27 
Trace. 
Trace. 
6.83 
2.46 

12.08 

37.14 

9.60 

Trace. 

33.92 

5.42 

Trace. 

9.54 
82.46 

2.31 
Trace. 

2.71 

1.05 
Trace. 

37.50 

Fe203+Al»03 

62.50 

CaO 

Trace. 

MgO 

Trace. 

Cu 

Pb...                          

Ni 

Zn 

6.45 

Total 

93.23 
.33 

98.16 
.21 

98.07 
.77 

100. 00 

.55 

The  amount  of  silica  in  the  steam-turbine  oil  sludge  is  surpris- 
ing. As  the  turbine  had  been  in  use  for  several  years,  it  is  hard 
to  believe  that  the  silica  came  from  the  core  sand  of  the  turbine 
casing,  and  it  is  also  difficult  to  believe  that  it  came  from  the  dust 
in  the  atmosphere  of  a  power  station.  The  transformer  oil  sludge 
is  due  to  different  causes  27  and  is  presented  only  for  comparison. 
The  amount  of  copper  in  the  ash  is  noteworthy. 

IX.  CONCLUSIONS. 

1.  Used  oils  should  be  judged  by  the  same  tests  as  are  applied 
to  new  oils  and  will  be  equally  serviceable. 

2.  The  present  methods  of  reclaiming  oil  are  successful  as  far 
as  the  generally  recognized  tests  are  concerned,  and  improvements 
are  limited  by  lack  of  knowledge  concerning  what  additional  tests 
are  needed  to  make  sure  that  oils,  whether  new  or  reclaimed, 
possess  those  properties  which  make  them  suitable  when  new  and 
durable  in  use. 

3.  Further  investigation  is  needed  concerning  the  value  of  the 
tests  for  acidity,  sulphur,  and  resistance  to  oxidation. 

Washington,  July  5,  1922. 

87  See  paper  by  C.  J.  Rodman  presented  before  the  American  Electrochemical  Society,  p.  105;  1911. 


RATE  OF  EXHAUSTION  OF  A  CLOSED  TANK  BY  A 
RECIPROCATING  AIR  PUMP. 

By  Edgar  Buckingham. 


ABSTRACT. 

An  equation  is  deduced  for  finding  the  number  of  strokes  of  a  reciprocating  air 
pump  required  to  exhaust  a  tank  of  large  volume  down  to  any  given  fraction  of  atmos- 
pheric pressure,  assuming  that  the  piston  and  valves  are  tight.  The  resulting  formula 
shows  how  clearance  and  valve  loading  affect  the  speed  of  exhaustion  and  the  final 
minimum  attainable  pressure. 
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1.  INTRODUCTION. 

A  letter  recently  referred  to  the  writer  asked  for  a  formula  for 
computing  the  rate  at  which  a  reciprocating  air  pump  would  ex- 
haust an  air-tight  tank  of  known  volume.  After  an  unsuccessful 
search  through  several  books  which  might  have  been  expected  to 
contain  such  a  formula,  an  equation  was  developed  for  the  pur- 
pose ;  and  since  it  may  be  of  interest  to  some  readers,  the  deduction 
is  given  below. 

Any  attempt  to  allow  for  leakage  past  valves  and  piston  would 
require  the  use  of  special  hypotheses,  which  might  not  correspond 
at  all  closely  to  actual  working  conditions,  or,  if  such  hypotheses 
were  dispensed  with,  would  lead  to  a  result  which  was  too  general 
and  indefinite  to  be  of  any  value.  Hence  it  is  postulated,  from 
the  start,  that  valves  and  piston  shall  be  in  perfect  condition  and 
the  whole  system  free  from  leaks.  The  remaining  conditions  for 
the  validity  of  the  result  are  stated  in  the  next  section. 

2.  CONDITIONS   AND   ASSUMPTIONS. 

(a)  The  tank  to  be  exhausted  is  large  in  comparison  with  the 
piston  displacement  of  the  pump,  so  that  each  pump  cycle  reduces 
the  pressure  in  the  tank  by  only  a  very  small  fraction  of  itself 
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(b)  The  exhaustion  is  slow  enough  that  the  temperature  in  the 
tank  remains  sensibly  constant,  the  pressure  in  the  tank  being 
then  proportional  to  the  amount  of  air  remaining. 

(c)  The  process  starts  with  atmospheric  pressure  in  the  tank, 
and  the  pump  discharges  to  the  atmosphere. 

(d)  There  is  a  constant  load  on  the  suction  valve  and  no  throt- 
tling except  at  the  valve.  This  means  that  at  the  end  of  any 
suction  stroke  the  pressure  in  the  pump  cylinder  is  less  than  that 
in  the  tank  by  a  small  constant  amount  which  is  determined  by  the 
load  on  the  valve  but  is  independent  of  the  degree  of  exhaustion 
attained. 

(e)  The  temperature  of  the  air  in  the  pump  at  the  end  of  any 
suction  stroke  is  constant,  regardless  of  the  degree  of  exhaustion. 
Usually  it  will,  of  course,  be  somewhat  higher  than  the  temperature 
in  the  tank. 

( / )  The  compression  line  on  the  pump  diagram  follows  the 
usual  equation  p  vn  =  constant,  where  1  <  n  <  1 .4. 

(g)  There  is  a  constant  load  on  the  discharge  valve,  so  that  when 
the  valve  closes  at  the  end  of  any  compression  stroke,  the  pres- 
sure in  the  clearance  space  is  a  small  constant  amount  above  the 
outside  atmospheric  pressure  to  which  the  pump  is  discharging. 

3.  NOTATION. 

Let   V  =  the  volume  to  be  exhausted ; 

v  =  the  piston  displacement  of  the  pump ; 

e  =  the  fractional  clearance,  so  that  when  the  piston  is  full 

out  the  cylinder  volume  is  (1  +e)v; 
60  =  the  absolute  temperature  of  the  air  in  the  tank ; 
6  =  the  absolute  temperature  of  the  air  in  the  pump  cylinder 

at  the  end  of  a  suction  stroke; 
P  =  the   outside   atmospheric   pressure   to   which   the   air   is 
discharged ; 
aP  =  the  load  on  the  discharge  valve,  so  that  the  valve  lifts 
when  the  pressure  in  the  pump  has  risen  to  (1  +a)P; 
/3  P  =  the  load  on  the  suction  valve ; 
p  =the  pressure  in  the  tank  at  the  end  of  any  suction  stroke, 

the  pressure  in  the  pump  being  then  p-(3P; 
n  =  the   exponent  of  the   compression   line — it  is  between  1 

and  1.4; 
x  =  p/P  =  the  degree  of  exhaustion  reached ; 
N  =  the  number  of  suction  strokes  since  the  start  at  x  =  1 ; 
/  =  the  lowest  or  limiting  value  of  x,  for  N  =  °° . 
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4.  THE  REDUCTION  OF  PRESSURE  PER  CYCLE  OF  THE  PUMP. 

We  start  at  the  end  of  a  suction  stroke,  when  the  pressure  is  p 
in  the  tank  and  {p—fiP)  in  the  pump  cylinder.  If  M  =  the  mass 
of  air  in  the  tank  and  m  =the  mass  in  the  cylinder,  we  have 

t>V 

M=m  <•> 


and 


,_»-<*)(,+*  w 


where  R  is  the  gas  constant  for  unit  mass. 

Let  w  =  the  volume  under  the  piston  at  the  instant  when  the 
discharge  valve  lifts.    Then  we  have,  by  hypothesis, 

(P  +  aP)wn  =  (p-pP)  [(i+€)v]» 
whence 


\P+aPj 


When  the  discharge  valve  closes  at  the  end  of  the  compression 
stroke,  the  volume  is  ev.  The  pressure  in  the  clearance  space  is 
the  same  as  when  the  valve  opened,  and  we  shall  assume  that  the 
temperature  is  sensibly  the  same ;  hence  the  mass  of  air  remaining 
in  the  clearance  space  is  mev/w  or,  by  equations  (2)  and  (3), 

€V        €V   ,  _  _.    1  .  _.  n— i  .    . 

mw=Rl{P  +  aP)"{p~PP)^-  (4) 

The  piston  now  moves  out,  the  suction  valve  opens,  and  more 
air  flows  from  the  tank  to  the  cylinder.  If  Ap  =  the  resulting 
decrease  of  the  pressure  in  the  tank,  the  pressure  in  the  cylinder 
at  the  end  of  this  suction  stroke  is  (p  —  fiP  —  Ap),  and  the  mass 
contained  in  the  cylinder  is  (see  equation  2) 

w,_»-0P-A»)  (,+,),  (5) 

of  which  the  mass  mev/w  given  by  equation  (4)  was  already  present 
before  the  suction  valve  opened.  The  mass  taken  from  the  tank 
during  this  suction  stroke  is  therefore 

AM  =m' —m  — 

w 
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or,  by  equations  (4)  and  (5), 

AM=(±^[p-(3P-AP-^(P+aP)i(p-(3P)n^     (6) 

But  since,  by  hypothesis,  the  temperature  in  the  tank  is  constant, 
the  pressure  changes  in  the  same  ratio  as  the  mass  of  air  and  we 
have  Ap/p=AM/M,  or,  by  equations  (1)  and  (6), 


Ap 


Let 


=  (7^°^[^"^P"A^~^(P  +  "P)4"(P"/3P)^I](7) 


^^;^(P+flP)^  (8) 


and  equation  (7)  may  be  reduced  to  the  form 

Ap  gv     r  h        1  (  . 

p-pp  1+gvl1   (p-mu  K9) 

where  g  and  h  are  constants  defined  by  equation  (8). 

5.  APPROXIMATE  SOLUTION  WHEN  v/V  IS  SMALL. 

Equation  (9)  gives  the  reduction  Ap  of  the  pressure  in  the  tank 
during  one  complete  cycle  of  the  pump,  starting  with  the  pressure 
p.  By  successive  computations,  the  total  reduction  caused  by  any 
number  of  cycles  could  be  found,  but  such  a  process  would  be  very 
laborious.  It  must  therefore  be  replaced,  if  possible,  by  a  single 
computation  covering  any  desired  number  of  strokes  taken 
together. 

The  actual  process  of  exhaustion  proceeds  by  finite  steps,  but 
if  we  postulate  that  v/V  shall  be  small,  these  steps  will  be  small, 
and  after  a  certain  number  of  suction  strokes  N,  during  which  the 
total  piston  displacement  is  Nv  =  <p,  the  pressure  in  the  tank  will 
be  very  nearly  the  same  as  if  this  total  displacement  had  been 
divided  into  a  much  larger  number  of  strokes  of  a  correspondingly 
smaller  pump. 

We  may  therefore  get  an  approximately  correct  result  by  sup- 
posing the  pump  volume  v  to  be  infinitesimal ;  so  we  replace  v  by 
d<p  and  Ap  by  ( —  dp) ,  thus  reducing  equation  (9)  to  a  differential 
equation — 

^zjp  =  9    1 jW  (10) 
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1 

which  may  be  integrated  by  substituting  (p  —  /3P) »  =  y. 

Starting  at  <p  =  o  when  p  =  P,  and  integrating  up  to  <p,  p,  we 
obtain  the  equation 

g       .      (P-(3P)i-h 

f<P  =  \oge r —  (11) 

(p-pP)«-h 

Equation  (n)  is  the  exact  relation  between  the  pressure  p  and 
the  total  piston  displacement  cp,  when  <p  is  composed  of  an  infinite 
number  of  infinitesimal  steps.  It  will  be  nearly  correct  if  <p  con- 
sists of  a  large  number  N  of  small  steps  of  volume  v.  Hence  we 
get  an  approximate  result  by  substituting  Nv  for  <p;  and  upon 
solving  for  Ar,  we  have  the  equation 

„      n,_(P-0P)n-h  .     . 

N  =  "l0ge ; (12) 

90         (p-(3P)^-h 

which  tells  us  the  number  of  pump  cycles  or  suction  strokes  TV 
required  to  reduce  the  pressure  in  the  tank  from  P  to  p. 

If  we  introduce  the  degree  of  exhaustion  x  =  p/P  and  change  to 
common  logarithms,  equation  (12)  may  be  written  in  the  more  con- 
venient form 

C 
N  =  A  log10 ; (j-\ 

(x-(3)n-B  K  6) 


where 


.  _  2.3026  n  6  V 

(i+e)0o<zT 

£  =  -i-(i+a)i 


(14) 


C=(i-0)*-B. 

To  find  I,  the  lowest  degree  of  exhaustion  obtainable,  we  set 

1 
N  =  co   or  (7  -  /S)  n  -  B  =  o,  whence 

/  =  £«  +  /?  (I5) 

The  values  of  v,  e,  a,  and  /3  are  determined  by  the  design  of 
the  pump  and  the  adjustment  of  the  valves.  The  temperature 
0O  of  the  air  in  the  tank  depends  on  the  outside  conditions.  The 
temperature  6  of  the  air  in  the  cylinder  at  the  end  of  a  suction 
stroke  depends  on  the  conditions  that  determine  0O  and  also  on 
the  running  conditions;  that  is,  on  the  speed  and  the  amount  of 
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cooling.  The  value  of  n  depends  on  the  same  circumstances  as 
determine  80  and  6. 

When  these  are  all  given,  together  with  the  volume  V  which  is 
to  be  exhausted,  A,  B,  and  C  are  known  constants,  and  equation 
(13)  may  be  used  for  computing  N  for  a  given  x.  It  is  rather  labo- 
rious to  use  equations  (13)  and  (14)  for  a  single  computation,  but 
after  the  values  of  A,  B,  and  C  have  been  computed  it  is  a  very 
simple  matter  to  use  equation  (13)  for  obtaining  a  curve  N=f(x), 
which  will  obviate  the  need  of  further  computations  so  long  as 
the  conditions  remain  unaltered. 

It  may  be  noted  that  d0,6,v,  and  V  occur  only  in  the  coefficient 
A,  and  that  N  is  directly  proportional  to  the  value  of  8V/d0v. 
Hence  if  a  curve  has  been  constructed  for  given  values  of  e,  a,  /3, 
n  and  any  value  of  dV/60v,  it  may  be  used  directly  for  any  other 
value  of  6VJ60v  by  merely  multiplying  the  values  of  ./V  by  a  con- 
stant factor. 

6.  APPROXIMATE  FORMS  OF  THE  EQUATION. 

Since  the  clearance  e  and  the  load  on  the  discharge  valve  a  are 
always  small,  the  value  of  B  is  also  small.  Hence  only  a  small 
error  can  be  caused  by  setting  a  =  o,  at  all  events  until  the  denomi- 
nator inequation  (13)  becomes  very  small ;  that  is,  the  number  of 
strokes  very  large.  Thus  the  first  part  of  the  curve  is  very  little 
affected  by  the  value  of  a. 

The  load  (3  on  the  suction  valve  should,  of  course,  be  made  as 
small  as  practicable  because  it  slows  down  the  process  and  raises 
the  limiting  degree  of  exhaustion  attainable,  as  is  seen  from 
equation  (15).  If  the  suction  valve  is  operated  mechanically  and 
the  pump  is  not  run  too  fast,  the  value  of  /3  may  be  made  negligible. 

If  a=(3=o,  equation  (13)  reduces  to  the  form 

N^Alogn-r^-  (16) 


(17) 


xn  —  Bx 
where 

Cx-i-Bt.\ 

In  this  case,  the  limiting  degree  of  exhaustion  is  given  by  the 
equation 

'=*.-(ttJ  (i8) 

and  depends  only  on  the  clearance  ratio  e. 
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The  ideally  perfect  pump  has  no  clearance  as  well  as  no  load 
on  either  valve,  and  is  represented  by  the  oil-sealed  vacuum  pump 
with  positively  operated  suction  valve.  For  such  a  pump 
e=a=fi=o  and  equation  (13)  reduces  to  the  very  simple  form 

N0  =  A0\og10^,  (19) 

where 

A0  =  2.3026  ht-  (20) 

UqU 

The  limit  of  exhaustion  of  such  a  pump  is  Z=o;  but  when  a 
sealing  liquid  is  used  to  eliminate  the  clearance,  the  vapor  pressure 
of  the  liquid  prevents  absolutely  perfect  exhaustion. 

7.  NUMERICAL  EXAMPLES. 

To  illustrate  the  use  of  the  foregoing  equations  we  may  assume 
the  following  data: 

Ratio  of  tank  volume  to  piston  displacement Vjv=  1000 

Temperature  in  tank  8o°  F. ;  in  pump  1050  F 0/^0=1.046 

Exponent  of  the  compression  line n=  1.3 

Barometric  pressure ■P=3o  inches  mercury 

Load  on  discharge  valve  1.5  inches  mercury 01=0.05 

Load  on  suction  valve  0.5  inch  mercury /3=o.oi67 

Clearance,  3  per  cent 6=0.03 

Using  these  data  in  equation  (14)  we  have 

^=3040,  B  =0. 03024,  log10  C  =  1.98087. 

So  that  the  particular  form  of  equation  (13)  for  this  case  is 

1 
^=3040  { 1.98087 -log10[(x- 0.0167)  7T3-o.o3024]}        (21) 

and  the  limit  of  exhaustion  is  I  =0.02725  =  1/36.7.  Values  of  Ar 
computed  from  equation  (2 1 )  are  given  in  Table  1 . 

If  both  valves  are  operated  positively  or  are  so  lightly  loaded 
that  a  and  /3  are  negligible,  while  all  the  other  data  remain  un- 
changed, we  have  by  equation  (17) 

,4=3040,  B,  =0.02913,  log10  (^  =  1.98716 

Equation  (16)  assumes  the  particular  form 

^1=3040  [1 .98716 -log10  {xl-3 -0.02913)]  (22) 


n6  Technologic  Papers  of  the  Bureau  of  Standards.        \V0i.t7 

and  the  limit  of  exhaustion  is  /  =0.01008  =  1/99.     Values  of  Nt 
are  given  in  Table  1 . 

If  the  clearance  also  is  zero,  so  that  we  have  the  ideal  pump, 
we  have  by  equations  (19)  and  (20) 


N0  =  2408  loglC 


(23) 


the  limit  of  exhaustion  being  /=o.     Values  of  N0  are  given  in 
Table  1. 

It  is  evident  from  the  table  that  valve  loads  such  as  here 
assumed  do  not  have  much  effect  on  the  rate  of  exhaustion  until 
the  process  has  gone  rather  far,  although  they  increase  the  ulti- 
mate pressure  attainable  in  the  ratio  2.7  to  1,  in  this  case.  The 
effect  of  the  3  per  cent  clearance,  shown  by  the  difference  of 
Nt  and  Ar0,  is  much  less  than  that  of  the  valve  loads  shown  by  the 
difference  between  Ar  and  N1. 

TABLE  1. 


p 
p=x 

N 
equation  (21) 

Ni 

equation  (22) 

JVo 
equation  (23) 

P 

p=X 

N 
equation(21) 

equation  (22) 

No 
equation  (23) 

0.9 

112 
239 
383 
551 
752 

1002 
1333 
1821 
2191 
2767 

110 
234 
375 
538 
732 

972 
1284 
1736 
2064 
2547 

110 
234 
373 
534 
725 

958 

1259 
1683 
1984 
2408 

0.07 

3369 

4103 
4799 
6741 
8475 

10031 

00 

2999 
3490 
3792 
4270 
4396 

4430 
4447 
5763 

CO 

2781 

.8  . 

.05 

3132 

.7 

.04 

3366 

.6 

.03 

3667 

.5  . 

.028 

•  4...  . 

.0275 

.02725 

.02000 

.3 

3767 

.2 

4092 

.15 

.01008 

4807 

.10 

.00000 

CO 
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A  NEW  METHOD  FOR  DETERMINING  THE  RATE  OF 
SULPHATION  OF  STORAGE-BATTERY  PLATES. 

By  G.  W.  Vinal  and  L.  M.  Ritchie. 


ABSTRACT. 

This  paper  describes  experiments  which  have  been  made  to  develop  a  speedy  and 
accurate  method  for  measuring  the  effect  of  impurities  in  storage-battery  electrolyte. 
In  the  present  paper  the  fundamental  theory  of  the  method  and  measurements  of  the 
rate  of  sulphation  of  the  plates  in  pure  acid  is  given. 

Because  of  the  inaccuracies  of  the  method  previously  used  and  the  time  required 
to  complete  the  experiments  it  was  decided  to  determine  the  effect  of  impurities  in 
terms  of  the  rate  of  the  reaction  taking  place  at  the  plates.  This  may  be  accurately 
determined  in  a  short  time  by  successive  weighings  of  the  plates  immersed  in  solu- 
tions which  are  maintained  at  constant  temperature.  The  plates  were  suspended 
in  the  electrolytes  from  the  arm  of  a  sensitive  balance.  By  this  arrangement  it  is 
possible  to  weigh  each  plate  without  exposing  it  to  the  air.  The  reaction  at  the 
negative  plate  may  be  both  chemical  and  electrochemical.  The  measurements  show 
that  the  former  predominate.  The  rate  of  sulphation  of  the  negative  plates  increased 
as  the  concentration  of  the  electrolyte  and  the  temperature  were  increased.  The 
rate  of  sulphation  of  the  positive  plates  is  much  less  than  for  the  negative  plates. 
Corrections  for  the  buoyancy  of  the  electrolyte  are  necessary.  It  is  possible  to  com- 
pute from  the  electrochemical  equivalents  the  number  of  ampere-hours  of  discharge 
occurring  as  local  action. 
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I.  INTRODUCTION. 

This  investigation  was  undertaken  to  establish  if  possible  a 
speedy  and  accurate  method  for  the  measurement  of  the  effect 
of  impurities  in  storage-battery  electrolytes.  Preliminary  experi- 
ments in  which  small  cells  were  "poisoned"  by  the  addition  of 
the  substances  to  be  studied  showed  that  accurate  and  consistent 
results  were  difficult  to  obtain.  The  capacity  of  the  negative 
plates  is  ordinarily  greater  than  that  of  the  positives,  and  the 
effect  of  such  impurities  as  affect  the  negative  plate  is  therefore 
masked,  in  part  at  least,  when  determinations  of  the  capacity 
are  made.  It  is  difficult  also  to  insulate  the  small  cells  so  per- 
fectly that  leakage  current  during  the  periods  of  standing  will  not 
affect  the   measured   capacity.     It   is   often   necessary   to   allow 
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several  weeks  to  elapse  in  order  to  determine  the  loss  in  capacity 
resulting  from  the  impurities  which  are  added.  Because  of  the 
inaccuracies  of  this  method  and  the  time  required  it  was  decided 
to  determine  the  effect  of  the  impurities  in  terms  of  the  rate  of 
the  reactions  taking  place  at  the  plates.  This  may  be  accurately 
determined  in  a  short  time  by  successive  weighings  of  the  plates 
immersed  in  solutions  which  are  maintained  at  a  constant  tem- 
perature. 

In  the  present  paper  it  is  desired  to  present  only  the  funda- 
mental theory  of  the  method  and  the  results  which  have  been 
obtained  for  the  rate  of  sulphation  of  positive  and  negative  plates 
in  solutions  of  pure  sulphuric  acid  of  various  concentrations. 
According  to  Dolezalek  1  measurements  of  the  rate  of  self-dis- 
charge of  the  plates  in  varying  concentrations  of  the  electrolytes 
have  not  been  made.  The  method  here  described  affords  a 
simple  and  accurate  means  of  obtaining  this  information.  The 
changes  taking  place  at  the  negative  plate  are  most  readily 
studied  by  this  method,  but  the  interpretation  of  the  results 
obtained  on  positive  plates  presents  greater  difficulties.  The 
method  is  not  immediately  applicable  to  the  study  of  such  impu- 
rities as  serve  as  oxygen  carriers  between  the  plates  of  different 
polarity.  In  a  subsequent  paper  the  effects  of  impurities  will  be 
discussed. 

II.  ARRANGEMENT  OF  THE  APPARATUS. 

The  general  arrangement  of  the  apparatus  is  shown  in  Figure  1. 
Twenty-four  plates  were  suspended  by  glass  hooks  and  entirely 
immersed  in  the  electrolytes,  which  were  contained  in  six  rectan- 
gular glass  jars,  four  plates  to  each  jar.  These  jars  were  carried 
on  a  revolving  frame  in  the  thermostat  bath  which  permitted 
the  plates  in  any  jar  to  be  brought  to  a  point  directly  underneath 
the  left-hand  arm  of  the  balance.  The  balance  was  mounted  on 
a  marble  slab  over  the  thermostat  tank  as  shown  in  the  illustration. 
By  this  arrangement  it  was  possible  to  weigh  each  plate  while 
immersed  and  without  exposing  it  to  the  air.  The  thermostat 
tank  was  filled  with  water  to  within  1  inch  of  the  top  of  the  jars. 
The  temperature  of  the  water  could  be  controlled  by  a  thermo- 
regulator  at  any  desired  point  within  the  range  20  to  400  C. 
The  variation  of  the  temperature  of  the  water  from  a  fixed  point 
was  within  c.oi°.  The  water  was  stirred  continuously.  Each 
jar  was  provided  with  a  wood  cover  impregnated  "with  paraffin. 

1  Theory  of  the  Lead  Accumulator,  p.  139. 
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The  plates  selected  for  the  experiments  were  those  made  for 
starting  and  lighting  batteries  by  two  manufacturers.  Small 
sizes  of  plates  were  selected  to  avoid  overloading  the  balance, 
which  was  of  high  quality,  having  a  nominal  capacity  of  200  g. 
The  plates  of  maker  A  were  5^  by  4  Mi  by  ^  inch;  those  of 
maker  B  were  approximately  sH  by  4K  by  ^  mcn- 

To  adapt  these  plates  to  the  conditions  of  our  experiments  the 
lug  was  cut  off  and  burned  on  again  in  the  middle  of  the  top 
edge  in  order  to  balance  the  plate  when  suspended  in  the  liquid. 
Two  holes  were  drilled  in  the  lug.  One  of  these  was  used  for 
the  glass  hook  which  suspended  the  plate  from  the  balance  during 
weighings  and  the  other  for  a  second  glass  hook  which  supported 
the  plates  when  weighings  were  not  in  progress. 

m.  EXPERIMENTAL  RESULTS. 

Weighings  of  the  plates  were  made  daily  and  the  results  com- 
puted as  the  increase  of  weight  per  hour.  Three  sets  of  weighings 
extending  over  a  period  of  48  hours  were  sufficient  to  give  two 
determinations  of  the  rate  of  change  in  weight  of  the  plates. 
These  two  determinations  in  nearly  all  cases  were  in  good  agree- 
ment. Four  weighings  at  250  C.  were  made  giving  three  deter- 
minations of  the  change  in  weight.  The  mean  of  these  is  given 
in  the  table  below. 

Since  the  weighings  were  made  in  the  electrolyte,  a  buoyancy 
correction  was  necessary.  This  correction  has  been  calculated 
on  the  assumption  that  the  materials  have  the  following  densities: 

Lead 11. 3 

Lead  sulphate 6.  3 

I A  plates 8.  7 


Lead  peroxide|B  ^^  gs 

Since  the  values  for  the  density  of  lead  peroxide  found  in  the 
literature  differ  widely,  determinations  of  the  density  of  the  active 
materials  of  the  positive  plates  in  the  fully  charged  condition  have 
been  made  by  Mr.  Peffer  at  the  Bureau  of  Standards  with  the 
results  given  above.  Analysis  of  the  active  materials  by  Mr. 
Altrup  shows  97  per  cent  lead  peroxide  in  the  positives  of  each 
manufacturer,  97  per  cent  lead  in  the  negatives  of  manufacturer 
A,  and  91.5  per  cent  lead  in  the  negatives  of  manufacturer  B.  The 
expanders  in  the  negatives  were  carbon  in  each  case.  The  buoy- 
ancy corrections  are  applied  to  a  small  difference  of  two  weighings, 
and  hence  a  slight  error  in  the  density  of  either  the  solutions  or 
the  active  materials  produces  a  negligible  error  in  the  final  result. 
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The  densities  of  the  solutions  were  determined  directly  by  the  use 
of  calibrated  hydrometers.  » 

The  chemical  reactions  during  discharge  at  the  plates  are 
generally  assumed  to  be  represented  by  the  equations: 

Pb  +  S04  =  PbS0.4  negative  plate. 
PbO,  +  H2  +  H2S04  =  PbS04  +  2  H20  positive  plate. 

Since  the  molecular  weight  of  lead  is  207.20  and  of  lead  sulphate 
303.26,  the  gain  in  weight  during  the  transformation  of  1  mol 
of  lead  to   lead   sulphate   is   96.06  g;    and  the  relative   gain  in 

weight  —     -  times  the  weight  of  lead  acted  upon.     There  is,  of 
207.20 

course,  a  large  amount  of  lead  which  does  not  take  part  in  the  reac- 
tion and  decreases  the  sensibility  of  the  weighings,  but  in  spite  of 
this  fact  and  the  heavy  damping  resulting  from  the  viscosity  of 
the  electrolytes  the  balance  was  sufficiently  sensitive  to  permit  an 
accuracy  of  a  few  tenths  of  a  milligram  to  be  obtained. 

From  the  rate  of  change  in  weight  of  the  plates  the  equivalent 
loss  in  ampere-hour  capacity  can  be  computed.  The  valence  is  2 
and  hence  a  gain  in  weight  of  the  negative  plate  of  96.06  g  is 
equivalent  to  2  X  96,500  coulombs.  From  this  the  change  in  weight 
is  computed  to  be  1 .  79  g  per  ampere-hour. 

Both  chemical  and  electrochemical  reactions  are  possible  at 
the  negative  plate,  but  the  former  are  probably  predominant  over 
the  latter  during  self -discharge.  This  is  indicated  by  the  results 
for  the  A  plates  in  1.150  and  1.400  acid.  The  gain  in  weight  per 
hour  in  the  stronger  acid  is  23  times  that  in  the  more  dilute.  The 
change  in  potential  of  a  lead  plate  as  the  concentration  of  the 
electrolyte  is  changed  from  1.150  to  1.400  specific  gravity  acid  is 
less  than  o.  1  volt  according  to  the  measurements  of  Gladstone  and 
Hibbert.2  The  resistivity  of  the  more  concentrated  electrolyte 
is  higher  than  for  the  1.150  specific  gravity  electrolyte.  On  the 
basis  of  Ohm's  law,  therefore,  this  marked  increase  in  the  extent 
of  the  reaction  can  not  be  readily  accounted  for  as  an  electro- 
chemical reaction. 

The  measurements  on  the  negative  plates  at  250  C.  are  given  in 
Table  1.  Each  figure  is  the  mean  of  six  observations  (three 
measurements  on  each  of  two  plates).  Buoyancy  corrections 
have  been  made. 

2  J.  Inst.  Elec.  Eng.  (British),  21,  p.  430;  1892. 
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TABLE  1.— Gain  in  Weight,    Grams  per  Hour,  of  Negative  Plates  in  Solutions  at 
25°  C,  Saturated  and  Unsaturated  with  Lead  Sulphate. 


25° 
Specific  gravity  ^n- 

Gain  in  weight  for  plates  of— 

Manufacturer  A. 

Manufacturer  B. 

Saturated 
solution. 

Unsaturated 
solution. 

Saturated 
solution. 

Unsaturated 
solution. 

1.150 

0.0022 
.0026 
.0036 
.0060 
.0151 
.0460 

0.0031 
.0071 
.0098 
.0115 
.0270 
.0480 

0.0048 
.0118 
.0178 
.0283 
.0385 
.0906 

0. 0058 

1  200.                             

.0120 

1.250 

.0290 

1.300 

.0394 

1.350 

.0558 

1  400                      

.0960 

These  results  show  that  the  rate  of  sulphation  is  decreased 
appreciably  in  the  saturated  solution  of  concentrations  corre- 
sponding to  those  ordinarily  used  in  storage  batteries.  The 
solutions  were  saturated  with  chemically  pure  lead  sulphate 
when  hot  and  were  allowed  to  cool  before  the  plates  were  im- 
mersed. The  electrolyte  in  a  lead  storage  battery  is  ordinarily 
saturated  with  lead  sulphate  although  the  electrolyte  is  initially 
a  solution  of  pure  sulphuric  acid.  In  these  experiments  the  ratio 
of  the  mass  of  acid  to  the  mass  of  the  plates  was  purposely  made 
so  large  that  saturation  could  not  occur  in  as  short  a  time  as  is 
ordinarily  the  case.  Each  jar  contained  4.5  liters  of  solution  and 
four  negative  plates. 

The  rate  of  sulphation  decreased  as  time  progressed.  This 
is  especially  noticeable  in  the  case  of  the  plates  of  manufacturer 
B  in  the  unsaturated  solutions  of  higher  concentration  as  is 
shown  in  Table  2. 


TABLE  2. — Decrease   in  Rate  of  Sulphation  with  Time,   Negative   Plates   in 
Unsaturated  Solution. 

[Measurements  on  plates  cf  manufacturer  B.] 


Date. 

Gain  in 

weight,  grams  per  hour 

for  each  of 

six  concentrations— 

1.150 

1.200 

1.250 

1.300 

1.350                1.400 

Feb.  19 

0.0059 
.0053 
.0061 
.0050 
.0052 
.0053 

0. 0132 
.0110 
.0121 
.0118 
.0110 
.0113 

0.  0304 
.0289 
.0275 
.0260 
.  0247 
.0236 

0.0416 
.0414 
.0352 
.0369 
.0359 
.0332 

0.0574               0.0976 

Feb.  20 

. 0560                 . 0964 

Feb.  21 

.0535                .0942 

Feb.  22 

.0484                 .0818 

Feb.  25 

.0498  '               .0819 

Feb.  27 

.0470                 .0769 

12  2 
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It  can  easily  be  computed  that  the  capacity  of  the  plates  would 
be  exhausted  in  a  relatively  short  time  if  the  initial  rate  of  sul- 
phation  were  to  continue  indefinitely.  The  decrease  in  the  rate 
of  sulphation  is  probably  to  be  attributed  to  the  protection  which 
the  lead  sulphate  affords  to  the  underlying  active  material  and 
also  to  the  increasing  amount  of  lead  sulphate  present  in  the 
solutions  which  were  initially  unsaturated.  The  effect  of  the 
presence  of  lead  sulphate  in  decreasing  the  rate  of  sulphation  of 
the  plates  has  been  shown  in  Table  i ,  but  the  effect  of  saturating 
the  solution  in  holding  the  rate  of  sulphation  constant  for  a  few 
days  during  which  measurements  of  the  effect  of  impurities  can 
be  made  is  of  fundamental  importance  in  establishing  the  validity 
of  this  method.  This  is  made  clear  in  Table  3,  in  which  compar- 
ative results  for  the  plates  of  manufacturer  A  are  given  for  a  period 
of  three  days  for  both  the  saturated  and  unsaturated  solutions. 
The  results  with  the  minus  signs  express  the  decrease  in  rate  of 
sulphation  during  this  time.  Inconsistent  results  are  to  be 
observed  for  the  solutions  of  1.150  and  1.200  specific  gravity,  but 
this  is  not  surprising,  since  these  solutions  are  in  the  region  of  the 
minimum  solubility  for  lead  sulphate  according  to  the  curve  given 
by  Dolezalek.3  In  this  region  there  can  be  but  little  distinction 
drawn  between  saturated  and  unsaturated  solutions.  The  meas- 
urements made  on  the  plates  of  manufacturer  B  were  not  as 
consistent  as  those  for  manufacturer  A  because  of  a  tendency  for 
the  active  material  to  scale  off,  which  produced  an  error  in  the 
results. 

TABLE  3. — Effect  of  Saturating  the  Electrolyte  with  Lead  Sulphate  on  the  Constancy 
of  the  Rate  of  Sulphation  over  a  Period  of  Three  Days. 

[The  minus  signs  indicate  a  decrease  in  the  rate  and  plus  signs  an  increase.    Plates  of  manufacturer  A.] 


Solution. 

Change  in  the  rate  of  sulphation,  grams  per  hour,  in  solutions  at  25°  C, 
for  each  of  six  concentrations — 

1.150               1.200 

1.250 

1.300 

1.350 

1.400 

+0.0017 
.0000 

+0.0013 
+  .0005 

-0.0031 
.0000 

-0.0045 
.0000 

-0.0029 
-  .0009 

-0.0037 

—  .0014 

The  effect  of  temperature  on  the  rate  of  sulphation  is  important. 
In  Table  4  are  given  the  measurements  made  on  the  negative 
plates  of  both  manufacturers  when  the  solutions  were  maintained 
at  constant  temperatures  of  22,  25,  and  300  C.  The  increase  in 
the  rate  of  sulphation  from  22  to  250  C.  is  proportionately  greatei 
than  from  25  to  300  C. 

3  Theory  of  ths  Lead  Accumulator,  p.  145. 
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TABLE  4. — Effect  of  Temperature  on  the  Rate  of  Sulphation  of  Negative  Plates. 


Specific  gravity 

25° 
25°' 

Gain  in 

weight,  grams  per  hour, 

saturated  solutions,  tor  plates 

of 

Manufacturer  B  at 

Manufacturer  A  at- 

22°  C. 

25' C. 

30' C. 

22°  C. 

25°  C. 

30 

'  C. 

1.150 

0.0031 
.0073 
.0111 
.0183 
.0270 
.0614 

0.0048 
.0118 
.0178 
.0283 
.0385 
.0906 

0. 0056 
.0118 
.0196 
.0325 
.0420 
.1027 

0.0012 

.0016 
.0023 
.0046 
.0122 
.0350 

0.0022 
.0026 
.0036 
.0060 
.0151  | 
.0460  ! 

0.0022 

1.200 

.0027 

1.250 

.0051 

1.300 

.0082 

1.350.  .  .    

.0196 

1.400. 

.0544 

Local  action  at  the  positive  plate  is  essentially  electrochemical, 
resulting  from  the  difference  in  potential  between  the  oxide  and 
the  lead-antimony  alloy  of  the  grid.  Metallic  impurities  are  not 
precipitated  bv  the  oxide,  and  Dolezalek  and  Finckh4  have 
stated  that  no  solubility  of  the  peroxide  in  solutions  of  the 
specific  gravities  ordinarily  used  in  storage  batteries  can  be 
detected.  The  reaction  at  the  positive  plate  in  these  experiments 
is  therefore  to  be  regarded  as  the  general  expression  for  the 
discharge  of  a  cell,  with  the  qualification  that  the  negative 
electrode  mav  be  lead  or  lead-antimony  alloy  depending  on  the 
construction  of  the  plate. 

Pb02  +  Pb  -f-  2H2S04  =  2PbS01  +  2H20 

The  lead  sulphate  formed  appears  on  both  the  peroxide  and  the 
grid. 

The  gain  in  weight  of  the  positive  plates  is  not  as  simply 
related  to  the  total  amount  of  sulphate  formed  as  in  the  case  of 
the  negatives.  The  sulphate  which  forms  on  the  grid  or  the 
underlying  lead  is  equal  to  96.06  g  for  2X96,500  coulombs 
but  the  change  in  weight  of  the  positive  plates  because  of  the 
formation  of  sulphate  on  the  peroxide  is  64.06  g  for  the  same 
quantity  of  electricitv.  The  difference  is  accounted  for  by  the 
formation  of  2  mols  of  water  at  the  peroxide.  This  means  that 
160.12  g  of  sulphate  would  be  formed  on  the  positive  plate  if  the 
quantity  of  electricitv  flowing  were  2X96,500  coulombs.  The 
ampere-hour  equivalent  for  the  gain  in  weight  resulting  from 
local  action  is,  therefore,  2.99  g  for  each  ampere-hour.  The 
experimental  results  for  the  positive  plates  in  solutions  of  varying 
concentration  at  250  C.  are  given  in  Table  5  for  solutions  saturated 
and  unsaturated  with  lead  sulphate. 


1  Zs.  f.  Anorg.  Chem.,  51,  p.  320;  1906. 
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TABLE  5. — Gain  in  Weight,  Grams  per  Hour,  of  Positive  Plates  in  Solutions  at 
25°  C.  Saturated  and  Unsaturated  with  Lead  Sulphate. 


Gain  in  weight  for  plates  of — 

Specific  gravity  rrv 

Manufacturer  A. 

Manufacturer  B. 

Saturated 
solution. 

Unsatu- 
rated 
solution. 

Saturated 
solution. 

Unsatu- 
rated 
solution. 

0.0128 
.0121 
.0069 
.0053 
.0050 
.0047 

0.0111 
.0096 
.0060 
.0022 
.0019 
.0031 

0. 0077 
.0077 
.0047 
.0050 
.0048 
.0049 

0. 0138 

.0090 

.0051 

.0061 

i  350                    

.0062 

:.40o    

.0088 

It  will  be  observed  from  the  results  given  in  Table  5  that  the 
gain  in  weight  of  the  positive  plates  decreases  as  the  concentra- 
tion of  the  solution  increases.  This  suggests  that  the  plates 
contained  some  soluble  constituent,  the  solubility  of  which 
increased  as  the  concentration  increased,  but  the  data  which  are 
available  on  the  solubility  of  lead  peroxide  and  lead  oxide  fail 
to  offer  an  explanation.  In  the  solutions  which  were  saturated 
the  gain  in  weight  of  the  plates  was  more  for  manufacturer  A 
but  less  for  manufacturer  B  than  in  the  unsaturated  solutions. 
The  differences  in  behavior  may  be  attributed  to  the  different 
methods  used  in  preparing  the  paste  for  these  plates,  but  no 
exact  explanation  can  be  given. 

Washington,  August  14,  1922. 
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A  STUDY  OF  COMMERCIAL  DIAL  MICROMETERS  FOR 
MEASURING  THE  THICKNESS  OF  PAPER. 

By  Paul  L.  Houston  and  D.  R.  Miller. 


ABSTRACT. 

Disputes  between  the  manufacturers  and  users  with  regard  to  the  thickness  of 
paper  can  usually  be  traced  to  a  difference  in  readings  of  the  instruments  used  to 
measure  the  thickness.  To  determine  the  magnitude  of  the  difference  that  may- 
result  in  the  use  of  the  types  of  dial  micrometers  commonly  employed  to  measure 
paper,  a  number  of  instruments  were  calibrated  against  steel  gauges  and  used  to 
measure  the  thickness  of  several  grades  of  paper.  The  micrometers  were  studied 
to  ascertain  the  causes  of  the  different  readings  on  the  same  paper.  The  instruments 
were  found  to  differ  in  form  and  area  of  contact,  contact  pressure,  and  in  the  amount 
of  friction  in  the  mechanism.  To  determine  the  effect  of  contact  area  and  pressure, 
tests  in  measuring  paper  were  made  on  commercial  papers  using  contacts  of  different 
area  and  with  varying  contact  pressures.  These  tests  showed  that  the  paper  yielded 
to  a  greater  extent  with  increase  of  pressure  when  the  contact  was  large  than  when 
small.  Under  the  same  pressure  per  square  inch,  but  different  contact  areas,  different 
readings  of  thickness  were  obtained.  The  mechanisms  of  the  instruments  were 
studied  to  determine  the  effect  of  the  various  designs  on  the  contact  pressure,  the 
variation  in  contact  pressure,  and  the  accuracy  and  variance  of  the  instruments. 

Specifications  are  given  for  a  standard  instrument.  From  a  study  of  the  mechan- 
isms of  instruments  and  the  results  of  this  investigation  it  is  felt  that  two  or  more 
types  of  the  mechanisms  studied  can  be  used  in  instruments  that  will  meet  the 
specifications.  The  paper  also  contains  specifications  for  a  standard  procedure  to 
determine  the  mean  thickness  of  a  sample  of  paper. 
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I.  INTRODUCTION. 

In  the  past  a  number  of  controversies  have  arisen  over  the  results 
of  the  thickness  test  for  paper.  Often  the  manufacturer  or  jobber 
when  filling  an  order  for  paper  that  required  a  certain  thickness 
would  claim  that  his  paper  met  this  requirement  when  it  was 
tested  at  the  mill  or  jobbing  house.  On  the  other  hand,  the  con- 
sumer would  claim  that  his  micrometer  showed  that  this  paper  did 
not  meet  the  requirement.  Upon  investigation  it  was  usually 
found  that  the  maker  and  consumer  were  using  micrometers  of 
different  makes,  and  since  there  was  no  standard  micrometer  each 
of  the  claims  was  reasonable  and  there  seemed  to  be  no  means  of 
settling  the  controversy.  On  account  of  these  facts,  the  Bureau 
of  Standards  decided  to  carry  on  an  investigation  of  the  subject 
and  determine,  if  possible,  why  different  commercial  micrometers 
give  different  results. 

The  work  was  carried  on  as  a  joint  investigation  by  the  paper 
section  and  the  gauge  section  of  the  bureau. 

1.  STATEMENT  OF  PROBLEM. 

In  order  to  carry  out  this  investigation  it  was  decided  to  obtain 
a  number  of  dial  micrometers  for  measuring  paper  and  to  submit 
them  to  the  following  tests : 

1 .  A  calibration  of  the  instruments. 

2.  A  measurement  of  the  area  of  the  anvils  and  a  determination 
of  the  parallelism  of  the  contact  surfaces. 

3.  A  measurement  of  the  static  contact  pressure  for  different 
readings  of  the  instruments. 

4.  A  performance  test  on  commercial  papers. 

5.  A  measurement  of  the  compressibility  of  paper;  that  is,  a 
determination  of  the  effect  of  different  contact  pressures  and 
anvil  areas  on  measurements  of  the  thickness. 

In  addition,  it  was  decided  that  a  careful  study  should  be  made 
of  the  mechanism  of  the  instruments  to  determine  how  the  design 
and  workmanship  affect  the  performance  and  accuracy.  Upon 
completion  of  the  tests  and  study  it  was  thought  that  reasons 
could  be  given  for  the  variation  in  results  obtained  on  different 
micrometers  when  the  same  paper  was  tested.  It  was  also  thought 
that  recommendations  could  be  made  for  a  standard  dial  microme- 
ter for  the  number  of  readings  that  are  necessary  for  an  accurate 
mean  value  for  thickness  and  for  the  amount  of  tolerance  to  be 
allowed  in  interpreting  this  mean  value. 


"huT]  Commercial  Dial  Micrometers.  127 

II.  DESCRIPTION  OF  INSTRUMENTS. 
I.  GENERAL. 

Instruments  used  commercially  for  the  measurement  of  paper 
are  of  the  long-range  type,  measuring  thicknesses  up  to  0.100  to 
0.250  inch.  Readings  of  the  instruments  are  indicated  by  means 
of  a  pointer  moving  over  a  graduated  dial.  The  pointer  rotates 
one  or  more  revolutions  over  the  dial  and  a  completely  graduated 
dial  is  required. 

The  mechanism  of  these  instruments  is  inclosed  in  a  metal  case 
with  a  glass  front.  Means  are  provided  for  raising  the  plunger 
for  the  insertion  of  the  article  to  be  measured  between  the  foot  of 
the  plunger,  which  projects  through  the  case,  and  the  anvil.  In 
some  types  the  case  containing  the  mechanism  can  be  raised  or 
lowered  on  a  vertical  post  fastened  to  the  base.  In  other  types 
the  case  is  permanently  fastened  to  an  arm  in  one  piece  with  the 
base.  The  zero  adjustment  of  the  instruments  of  this  type  is 
obtained  by  raising  or  lowering  the  foot  on  the  plunger  or  the 
anvil  with  respect  to  the  plunger.  Measuring  instruments  of 
this  type  are  called  dial  gauges,  dial  micrometers,  automatic 
gauges,  or  automatic  micrometers.  These  instruments  indicate 
readings  automatically,  but  require  an  operator  to  raise  the  plun- 
ger and  insert  the  paper.  Furthermore,  the  terms  "gauge"  and 
"gauging"  should  be  strictly  limited  to  methods  of  determining 
whether  or  not  an  article  is  within  two  limiting  dimensions,  called 
the  maximum  and  minimum  dimensions,  without  determining  the 
actual  size.  For  these  reasons  "dial  micrometer"  is  the  preferred 
name  for  these  instruments. 

2.  MECHANISM. 

The  nine  dial  micrometers  obtained  from  the  manufacturers 
were  numbered  1  to  9  for  identification  purposes.  Figure  1  shows 
the  working  parts  of  instrument  No.  8.  Figure  2  shows  the  mech- 
anism in  the  instruments  diagrammatically.  In  several  cases 
one  diagram  represents  the  mechanism  of  more  than  one  instru- 
ment. The  figure  also  shows  the  mechanism  of  three  other  instru- 
ments— 10  to  12.  Instruments  10  and  11  are  not  regularly  used 
for  measuring  paper  and  are  not  included  in  the  test  but  might 
possibly  be  used  for  the  purpose.  Instrument  12  is  a  new  type 
of  instrument  received  after  the  completion  of  the  tests. 

In  all  of  the  instruments  with  the  exceptions  of  1  and  2  the 
plunger  has  two  bearings,  one  above  and  one  below  the  point  of 
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transfer  of  motion  of  plunger  to  next  member  in  the  train.  To 
secure  a  pointer  movement  of  over  one  revolution  a  small  gear  or 
pinion  is  carried  on  the  pointer  staff  in  all  cases  with  the  excep- 


Fig.  1. — Mechanism  of  micrometer  8,  showing  use  of  gear  sectors  transferring  the  move- 
ment from  plunger  to  pointer. 

tion  of  micrometer  10.  The  instruments  have  at  least  two 
springs,  one  of  which  acts  directly  on  the  plunger,  the  other  on 
the  staff  carrying  the  pointer  or  on  the  gear  in  mesh  with  the 
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Fig.  2.— Mechanisms  of  the  instruments  shown  diagramatically. 
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pinion  on  this  staff.  The  spring  acting  on  the  pointer  staff  is 
intended  to  take  up  the  backlash  in  the  gears  and  overcome  the 
friction  in  the  pivots.  If  this  spring  exerts  more  than  enough 
force  to  overcome  the  friction  in  the  pivots  it  will  add  to  or  sub- 
tract from  the  plunger  pressure  produced  by  the  plunger  spring, 
depending  on  the  direction  of  the  force  of  the  pointer  spring  with 
respect  to  the  plunger  spring.  The  plunger  spring  is  intended 
to  overcome  the  friction  in  the  plunger  and  produce  pressure  at 
the  plunger  foot.  The  plunger  spring  may  assist  in  overcoming 
friction  and  backlash  in  the  rest  of  the  mechanism  if  the  direction 
of  force  of  the  pointer  spring  is  opposed  to  it. 

In  order  to  facilitate  the  comparison  of  the  mechanism  of  the 
various  instruments  a  table  is  given  for  each  instrument  showing 
the  approximate  radii  of  the  various  members  of  the  train  with 
linear  and  angular  movement  of  each  for  a  movement  of  the 
plunger  of  0.00 1  inch. 

TABLE  1. — Dimensions  and  Displacement  Data  for  Instruments  1  and  2. 

[Instruments  have  three  springs  all  adding  to  make  plunger  pressure.] 


Train  members. 

Radius. 

Displacement. 

Bearings. 

Linear. 

Angular. 

Diameter. 

Length. 

Inches. 

Inch. 

0.001 

.001 
.0073 

.0073 
.0591 

Deg.Min. 

Inch. 
0.50 

}    ■« 

}        .100 

Inches. 
1.75 

.625 
.100 

to 

0.318 
2.333 

.350 
2.82 

10.8 
10.8 

1    12 
1     12 

to 
Gear 

TABLE  2. — Dimensions  and  Displacement  Data  for  Instruments  3,  4,  and  5. 

[Instruments  have  two  springs  whose  forces  add  to  make  plunger  pressure.] 


Train  members. 

Radius. 

Displacement. 

Bearings. 

Linear. 

Angular. 

Diameter. 

Length. 

Inches. 
\ 

Inch. 
0.001 

.001 
.0028 

.0028 
.0581 

Deg.Min. 

Inch, 
f      0.50 
\        .50 

}       .3, 

.125 
.125 

Inch. 

0.62 

Ribbon 

/ 

0.782 
2.149 

.109 

2.31 

4.4 
4.4 

1    26.4 
1    26.4 

to 
Pulley 

.25 

to 

.25 
.19 
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TABLE  3. — Dimensions  and  Displacement  Data  for  Instruments  6  and  7. 

[Instruments  have  two  springs  whose  forces  are  opposed.] 


Radius. 

Displacement. 

Bearings. 

Train  members. 

Linear. 

Angular. 

Diameter. 

Length. 

Inch. 
\ 

Inch. 
0.001 

.001 
.0018 

.0018 
.0045 

.0045 
.0471 

Deg.Min. 

Inch. 
{      0.14 
I          19 

.028 
.028 

.028 
.028 

.028 
.028 

Inches. 

0.05 

) 

0.159 
.286 

.114 
.286 

.072 

.75 

21.6 
21.6 

54 
54 

3    36 
3    36 

1.31 

to 

.03 

.03 

to 

.03 

.03 

to 

TABLE  4.— Dimensions  and  Displacement  Data  for  Instrument  8. 

[Instrument  has  two  springs  whose  forces  add  to  make  plunger  pressure.] 


Radius. 

Displacement. 

Bearings. 

Train  member. 

Linear. 

Angular. 

Diameter. 

Length. 

Inches. 
\ 

Inch. 
0.001 

.001 

.0021 

.0021 
.0080 

.0080 
.167 

Deg.Min. 

Inch. 
/       0.47 
\          -47 

|          .28 

.10 
.10 

.12 
.12 

Inch. 

0.60 

Rack                         

/ 

1.05 
2.16 

.421 
1.63 

.100 
2.10 

0.33 
.33 

16.5 
16.5 

4    34.3 
4    34.3 

.60 

to 

.17 

to 

.09 

.10 

to 

Pinion .               

.46 

.12 

TABLE  5. — Dimensions  and  Displacement  Data  for  Instrument  9. 

[Instrument  has  two  springs  whose  forces  are  opposed.] 


Radius. 

Displacement. 

Bearings. 

Train  member. 

Linear. 

Angular. 

Diameter. 

Length. 

Inch. 
\ 

Inch. 
0.001 

.001 
.054 

.054 
.120 

Deg.Min. 

Inch, 
f       0.20 
\          .20 

.03 
.03 

.03 

Inch. 

0.50 

Rack          

/ 

0.080 
.430 

.043 

.95 

43.2 

43.2 

7    12 
7    12 

.50 

to 

.05 

Gear    

.05 

to 

Pinion 

.05 

Pointer 

.03  i 
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TABLE  6. — Dimensions  and  Displacement  Data  for  Instrument  10. 

[Instrument  has  two  springs  whose  forces  add  to  make  the  plunger  pressure.] 


TTain  member. 

Radius. 

Displacement. 

Bearings. 

Linear. 

Angular. 

1 
Diameter.    Length. 

Inch. 
} 

Inch. 
0.001 

1.  0022 
.0367 

Deg.Min. 

Inch. 
/      0. 126 
\        .126 

.024 
.03 

Inch. 
0.05 

/ 

0.031 
.60 

3    36 
3    36 

to 
Worm 

.03 

.03 

1  Linear  displacement  at  pitch  line  of  worm  along  the  helix. 

TABLE  7. — Dimensions  and  Displacement  Data  for  Instrument  11. 
[Instrument  has  two  springs  whose  forces  add  to  make  the  plunger  pressure.] 


Train  member. 

Radius. 

Displacement. 

Bearings. 

Linear. 

Angular. 

Diameter. 

Length. 

Plunger 

Inch. 

} 

Inch. 
0.001 

Deg.Min. 

Inch. 
/      0. 127 
\       .127 
/        .067 
\        .125 
f        .040 
\        .037 
.040 
.040 

Inch. 
0.27 

to 
Link 

to 
Gear  sector 

/ 

\      0. 240 

\        .591 

.051 
.75 

.001 

C) 

.  42 
.03 
.03 
.04 

to 
Pinion 

.0025 
.037 

2    46 
2    46 

.04 
.04 

Pointer 

.04 

Link  has  a  slight  variable  angular  movement. 

TABLE  8. — Dimensions  and  Displacement  Data  for  Instrument  12. 
[Instrument  has  one  spring  to  take  up  backlash  and  produce  a  pressure  at  plunger  foot.] 


Train  member. 

Radius. 

Displacement. 

Bearings. 

Linear. 

Angular. 

Diameter. 

Length. 

Plunger  nnri  nut 

Inches. 

Inch. 
0.001 

>.0009 
.1193 

Deg.Min. 

Inch. 
0.530 

\        .246 

Inch. 
0.50 

to 
Screw 

0.142 
1.90 

3    36 
3    36 

Pointer 

1  Linear  displacement  at  pitch  line  of  screw  along  the  helix. 


III.  TEST  OF  INSTRUMENTS. 
1.  A  CALIBRATION  OF  THE  INSTRUMENTS. 

To  determine  the  accuracy,  a  calibration  of  each  micrometer 
against  standard  steel  gauges  was  made  for  the  full  range  of  the 
instrument.  Since  the  ranges  of  all  the  instruments  were  not  the 
same,  and  the  maximum  thickness  for  paper  (not  including  wall 
board)  is  about  0.125  °f  an  inch,  the  tabulation  of  data  (Table  9) 
shows  corrections  for  readings  within  this  range  only.     Microm- 
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eter  No.  8  gave  readings  in  millimeters,  but  these  readings  and 
their  corrections  have  been  converted  into  inches  in  this  table 
for  the  purpose  of  comparison  with  the  other  micrometers.  This 
is  also  the  case  in  other  tables  where  the  readings  of  micrometer 
No.  8  occur. 

While  the  determination  of  the  maximum  variance  of  each 
instrument  from  the  hysteresis  loop,  as  suggested  by  Schlink, 
Scientific  Papers  of  Bureau  of  Standards  No.  328,  "Variance  of 
Measuring  Instruments,"  would  be  of  some  interest,  in  the  present 
study  we  are  more  interested  in  the  variation  in  the  readings  of 
the  instruments  on  various  grades  of  commercial  paper  of  uniform 
thickness. 

Variation  in  readings  on  paper  will  arise  from  three  causes: 

1.  Instrumental  variations  due  to  friction  and  backlash  in  the 
instruments. 

2.  Inevitable  variation  in  actual  thickness  of  the  paper. 

3.  Variable  reductions  in  the  thickness  of  the  paper  due  to 
variable  plunger  pressure  and  to  variation  in  the  area  of  the 
plunger  foot  in  contact  with  the  paper. 

TABLE  9. — Results  of  Calibrations  Showing  the  Corrections  for  Dial  Readings  within 
the  Range  of  0  and  0.125  of  an  Inch. 

[A  plus  (+)  correction  means  that  the  instrument  reads  too  low.    A  minus  (— )  correction  means  that  the 

instrument  reads  too  high.] 


Corrections  lor  dial  readings 


Value  of 
standard. 


Micrcm- 

eter 

No.  1. 


Microm- 
eter 
No.  2. 


Microm- 
eter 
No.  3. 


Microm- 
eter 
No.  4. 


Microm- 
eter 

No.  5. 


Mircom-    Microm- 
eter eter 
No.  6.    I    No.  7. 


Microm-    Microm- 
eter eter 
No.  8.    I    No.  9. 


0.0000. 
.0010. 
.0020. 
.0030. 
.0040. 

.0050. 
.0060. 
.0070. 

. 0060. 

.0090. 
.0100. 
.0200. 
.0300. 

.0400. 
.0500. 
.0600. 
.0700. 

.0800. 
.0900. 
.1000. 
.1250. 


Inch. 

0.0000 
^.0003 
+  .0002 
+  .0001 
.0000 


.0001 
.0003 
.0003 
.0003 

.0003 
.0003 
.0000 
.0003 

.0003 
.0003 
.0004 
.0000 


Inch. 

0.0000 
+  .0002 
+  .0001 
.0000 
-.0003 


.0000  !     -.0003 

.0000  j     -.0002 

.  0000  .  0000 

-.0003  -.0002 


-.0001 

-.0003 

.0000 

-.0002 

-.0004 
-.0003 
-.0002 
-.0003 

-.0001 
+  .0002 
+  .0002 
+  .0002 


Inch. 

0.0000 

.0000 

+  .0001 

.0000 

-.0002 

-.0004 
-.0004 
-.0006 


.0005 
.0004 
.0002 
.0002  ' 

.0002  I 
.0006  J 
.0003 
.0006 

.0005 
.0003 
.0001  I 
.0002 


Inch. 
0.0000 

.0000 
+  .0001 

.0000 
-.0002 

.0000 

.0000 
-.0003 
-.0003 

.0000 

.0000 

.0000 

-.0003 

-.0003 
-.0005 
-.0001 
-.0001 

-.0007 
-.0005 
-.0003 
-.0007 


Inch. 

0.0000 
-.0001 
.0000 
-.0001 
-.0002 

.0000 

.0000 
-.0003 
-.0003 

-.0001 

-.0003 

-.0002 

.0000 

.0000 

+  .0003 
+  .0003 
+  .0003 

+  .0002 

+  .0001 

+  .0003 

.0000 


Inch. 
0.  0000 

+  .0001 
.0000 
.0000 

+  .0002 

+  .0002 
+  .0002 
+  .0003 
+  .0003 

+  .0003  i 
+  .0001 
+  .0001 
-.0001 

+  .0001 
+  .0001 
+  .0003 
+  .0002 

.0000 
+  .0002 

.0000 
+  .0002 


Inch. 

Inch. 

0.0000 

0.0000 

+  .0001 

.0000 

-.0001 

.0000 

.0000 

-.0001 

+  .0002 

-.0001 

+  .0001 

-.0001 

+  .0001 

-.0002 

+  .0002 

-.0001 

+  .0002 

.0000 

+  .0002 

.0000 

-.0001 

-.0001 

-.0002 

-.0002 

-.0003 

-.0003 

-.0007 

-.0003 

-.0003 

-.0004 

-.0003 

-.0004 

-.0004 

-.0004 

-.0003 

-.0008 

-.0003 

—  .0003 

-.0002 

Inch. 

0.0000 

.0000 

.0000 

-.0001 

-.0002 

.0000 

.0000 

-.0001 

-.0001 

.0000 
-.0003 
+  .0006 
+  .0013 

+  .0017 
+  .0014 
+  .0003 
-.0012 

+  .0017 
+  .0013 
+  .0005 

+  .0021 
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Variations  due  to  the  first  cause  were  determined  by  noting 
the  variations  in  the  readings  on  steel  gauges  when  the  instruments 
were  operated  in  the  manner  in  which  they  should  be  used  to 
obtain  the  best  results  in  measuring  paper.  Micrometers  4  and  8 
repeated  their  readings  on  steel  gauges  to  0.000 1  inch  when  care 
was  taken  to  lower  the  plunger  at  a  slow  and  uniform  rate.  The 
other  micrometers  tested  repeated  their  readings  to  0.0002  inch 
under  the  same  conditions. 

Variations  due  to  the  second  cause  can  not  be  determined 
without  a  perfect  instrument,  which  is  not  available.  Variations 
from  the  third  cause  can  not  be  separated  from  those  due  to  the 
second  cause.  However,  the  area  and  form  of  contacts  and  the 
friction  and  plunger  pressure  for  each  instrument  can  be  deter- 
mined. Then  by  comparing  these  quantities  with  the  results 
of  a  determination  of  the  compressibility  of  commercial  papers 
with  plunger  feet  of  various  areas,  the  magnitude  of  the  varia- 
tions due  to  the  third  cause  can  be  estimated. 


2.  AREA  OF  ANVILS  OR  CONTACT   SURFACES,  AND    PARALLELISM  OF 

CONTACT  SURFACES. 

In  Table  10  the  areas  of  the  anvil  or  contact  surfaces  and  the 
parallelism  of  these  surfaces  are  given. 

TABLE  10. — Results  of  Area  and   Parallelism  Determinations  of  Contact  Surfaces. 


Micrometer  Identification  numbers. 

Area. 

Maximum 
distance 
between 
contact 
surfaces 

when  in 
metallic 
contact. 

1  ..              

Inch.* 
0.319 
.316 
.259 
.259 
.273 

.119 
.029 
.250 
.046 

Inch. 

0.0005 

2  .                    

.0030 

3.   .                      

.0005 

4     . 

.0005 

5                                                

.0010 

6                         

.0030 

7...                        

.OQ02 

8    .                             

.0008 

9...                               

.0005 

In  the  case  of  micrometers  numbered  8  and  9,  the  contacts 
were  slightly  convex.  In  all  other  cases  the  contacts  were  plane 
to  approximately  0.000 1  inch,  but  not  parallel.  All  of  these 
instruments  will  make  contact  at  a  point  or  over  a  very  much 
smaller  area  than  nominal  area  of  contact. 
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3.  STATIC   CONTACT   PRESSURE  FOR  DIFFERENT   READINGS    OF   THE 

INSTRUMENTS. 

The  forces  required  to  move  the  mechanism  of  each  instrument 
from  rest  at  various  readings  toward  increased  readings  were 
measured  and  are  presented  in  Figure  3.  The  forces  required  to 
just  prevent  movement  toward  decreased  readings  were  measured 
and  are  presented  in  the  same  curves.  It  is  evident  that  the 
difference  between  the  two  curves  for  any  reading  on  an  instru- 
ment is  approximately  twice  the  static  friction  of  the  whole 
mechanism  in  that  position.  The  actual  contact  pressure,  when 
the  instruments  are  properly  used — that  is,  when  the  contact  posi- 
tion is  approached  at  a  slow  and  uniform  rate — will  lie  between  the 
average  static  pressure  and  the  minimum  static  pressure.  The 
average  static  pressure  in  pounds  per  square  inch  of  nominal  con- 
tact area  obtained  from  the  above  static-pressure  curves  is  shown 
for  each  micrometer  in  Figure  3.  In  Figure  4  is  shown  the  total 
average  for  each  instrument.  It  should  be  noted  that  the  instru- 
ments fall  into  two  groups,  instruments  6,  7,  and  9,  which  have  a 
low  plunger  pressure,  low  friction,  and  an  area  of  contact  of 
approximately  0.1  in.2  or  less,  and  instruments  1,  2,  3,  4,  5,  and  8, 
which  have  a  high  plunger  pressure,  high  friction,  and  an  area  of 
contact  0.25  in.2  or  over.  In  Figure  5  is  shown  the  average  con- 
tact pressure  in  pounds  per  square  inch  for  each  instrument. 

4.  PERFORMANCE  OF  INSTRUMENTS. 

A  performance  test  was  made  on  the  nine  micrometers  to 
determine  whether  or  not  the  different  contact  areas  and  different 
contact  pressures  of  the  micrometers  had  any  effect  on  the  results 
obtained.  This  performance  test  was  made  in  the  following 
manner:  14  different  papers  were  obtained,  and  from  each  a  test 
sample  was  cut.  Each  test  sample  comprised  10  separate  sheets. 
Ordinarily  one  reading  is  taken  on  each  sheet  in  testing  paper 
for  thickness  and  an  average  of  the  10  readings  is  taken  as  a  final 
result.  However,  in  order  to  eliminate  as  far  as  possible  any 
variation  in  the  final  results  obtained  on  any  one  paper  by  the 
different  micrometers,  which  variation  might  be  due  to  variations 
in  thickness  of  that  paper,  three  sets  of  readings  were  taken  on  each 
sheet  and  an  average  of  the  30  readings  was  taken  as  a  final  result. 
In  this  way  the  average  reading  of  each  micrometer  for  each  paper 
was  obtained,  and  these  averages  were  arranged  in  order  and  the 
corrections  in  Table  9  were  applied  to  them.     The  average  thick- 
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^i  .2         .3  .4 

READINGS  OP  INSTRUMENT  15  INCHES 

Fig.  3.  (Continued). — Diagram  showing  the  maxi- 
mum and  minimum,  static  pressures  for  the 
different  dial  readings  of  micrometer  g. 


RSATJIHGS  OF  INSTRUHEST  15  INCHES 

Fig.  4. — Diagram  showing  the  total  contact  or  plunger  pressures  for  the  different  dial 
readings  of  micrometers  1  to  Q,  inclusive,  as  compared  with  the  recommended  total  con- 
tact or  plunger  pressures  for  the  different  dial  readings  of  a  new  standard  micrometer. 
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ness  of  each  paper  as  determined  by  each  micrometer  is  given  in 
Table  11.  The  mean  average  of  the  nine  micrometers  was  then 
determined  for  each  paper,  and  the  variation  of  each  micrometer 
average  from  this  mean  average  was  found  for  each  paper  and 


.02   .04-   .06   .08   .10   .12   .14   .16   .18 

READINGS  OF  INSTRUMENT  IN  INCHES 


20        .22 


Fig. 


5- — Diagram  showing  the  average  static  pressures  for  the  different  dial  readings  of 
micrometers  1  to  g,  inclusive. 


recorded  in  Table  12  with  its  corresponding  positive  or  negative 
sign  depending  on  its  relation  to  the  mean  average. 

Also  it  was  thought  that  the  relative  accuracy  of  each  instru- 
ment would  be  indicated  by  obtaining  the  total  variation  of  each 
micrometer  on  all  the  papers.  This  was  done  and  the  results  are 
shown  in  Table  12,  where  the  total  variation  of  all  the  micrometers 
on  each  paper  is  also  given. 
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TABLE  11.— Results  of  Thickness  Test,  Showing  Averages  of  30  Readings  from 
each  One  of  the  9  Micrometers  on  each  One  of  the  14  Papers  and  Showing  the  Mean 
of  the  9  Micrometer  Averages  on  each  Paper. 


Paper 
identi- 
fication 
num- 
ber. 

Kind  of  paper. 

Average  results  oi  30  readings. 

Mean 
aver- 
age. 

Micro- 
meter 
No.  1. 

Micro- 
meter 
No.  2. 

Micro- 
meter 
No.  3. 

Micro- 
meter 
No.  4. 

Micro- 
meter 
No.  5. 

Micro- 
meter 
No.  6. 

Micro- 
meter 
No.  7. 

Micro- 
meter 
No.  8. 

Micro- 
meter 
No.  9. 

4952.... 
4953. . . . 
4954 

M.  F.  printing 

do 

do 

Inch. 

0.0040 
.0029 
.0038 
.0046 
.0030 

.0031 
.0035 
.0025 
.0051 
.0058 

.0023 
.0045 
.0035 
.0068 

Inch. 

0.0045 
.0029 
.0037 
.0044 
.0030 

.0030 
.0033 
.0025 
.0052 
.0058 

.0022 
.0044 
.0036 
.0066 

Inch. 

0.0042 
.0030 
.0037 
.0045 
.0029 

.0031 
.0035 
.0025 
.0048 
.0055 

.0023 
.0043 
.0036 
.0062 

Inch. 

0.0041 
.0026 
.0036 
.0044 
.0029 

.0029 
.0032 
.0025 
.0050 
.0056 

.0022 
.0043 
.0035 
.0062 

Inch. 

0. 0046 
.0027 
.0038 

Inch. 

0. 0042 
.0024 
.0036 

Inch. 

0. 0049 
.0028 
.0042 
.0050 
.0030 

.0031 
.0036 
.0025 
.0053 
.0059 

.0023 
.0044 
.0037 
.0072 

Inch. 

0. 0044 
.0026 
.0036 
.0044 
.0026 

.0029 
.0033 
.0024 
.0051 
.0056 

.0022 
.0045 
.0037 
.0063 

Inch. 

0.0041 
.0024 
.0034 
.0043 
.0026 

.0027 
.0032 
.0023 
.0050 
.0057 

.0022 
.0043 
.0033 
.0064 

Inch. 

0. 0043 
.0027 
.0037 

4955. 

do 

.0046 

.0046 

.0045 

4956.... 
4957 

S.  &S.  C.  printing... 
do 

.0027 

.0030 
.0035 
.0026 
.0054 
.0060 

.0023 
.0049 
.0036 
.0065 

.0028 

.0029 
.0034 
.0024 
.0051 
.0057 

.0021 
.0043 
.0033 
.0065 

.0029 
.0030 

4958.... 
4959 

High  M.  F.  writing. . 
do 

.0034 
.0025 

4960.... 
4962  . 

S.  &S.C.  writing... 
do 

.0051 
.0057 

.0022 

4963 

...do 

.0044 

4964... 

do 

.0035 

4965.... 

S.  &S.  C.  ledger 

.0065 

TABLE  12. — Results  of  Thickness  Test,  Showing  Variations  of  each  Micrometer 
Average  on  each  One  of  the  14  Papers  from  the  Mean  of  the  9  Micrometer  Averages 
on  each  Paper  and  Showing  the  Total  Variation  of  each  Micrometer  on  all  the  Papers 
and  the  Total  Variation  of  all  the  Micrometers  on  each  Paper. 


Kind  of  paper. 

Variation  of  each  micrometer  average  from  mean  average. 

Paper  identification 
number. 

Microm- 
eter 
No.  1. 

Microm- 
eter 
No.  2. 

Microm- 
eter 
No.  3. 

Microm- 
eter 
No.  4. 

Microm- 
eter 
No.  5. 

4952 

4953 

M.  F.  printing 

do 

Inch. 

-0.0003 
+  .0002 
+  .0001 
+  .0001 
+  .0001 

+  .0001 

+   .0001 

.0000 

.0000 

+  .0001 

+  .0001 
+  .0001 

.  oooo 

+  .0003 

Inch. 

+0.0002 

+  .0002 

.0000 

-  .0001 
+  .0001 

.0000 

-  .0001 
.0000 

+  .0001 
+  .0001 

.0000 

.0000 

+  .0001 

+  .0001 

Inch. 

-0.0001 

+  .0003 

.0000 

.0000 

.0000 

+  .0001 

+  .0001 

.0000 

-  .0003 

-  .0002 

+  .0001 

-  .0001 
+  .0001 

-  .0003 

Inch. 
-0.0002 

-  .0001 

-  .0001 

-  .0001 
.0000 

-  .0001 

-  .0002 
.0000 

-  .0001 

-  .0001 

.0000 

-  .0001 
.0000 

-  .0003 

Inch. 
+0.0003 
.0000 

4954 

do 

+  .0001 

4955 

do 

+  .0001 

4956 

S.  &  S.  C.  printing. 
do 

—  .0002 

4957             

.0000 

4958 

High  M.F.  writing. 
do 

+  .0001 

4959 

+  .0001 

4960 

S.  &S.  C.  writing.. 
do 

+  .0003 

4961 

+  .0003 

4962 

do 

+  .0001 

4963 

do 

+  .0005 

4964  . 

...do 

+  .0001 

4965 

S.  &S.C.  ledger.. 

.0000 

.0006 

.0003 

.0006 

.0003 

.0007 
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Paper  identification 
number. 


Kind  of  paper. 


4952 M.  F.  printing. 

4953 do 

4954 do 

4955 do 

4956 S.  &  S.  C.  printing 


4957 do 

4958 High  M.F.  writing . 

4959 do 

4960 S.  &  S.  C.  writing. 

4961 do 


4962. 
4963. 
4964. 
4965. 


Total  variations. 


do 

do 

do 

S.  &  S.  C.  ledger.. 


Variation  of  each  micrometer  average  from 
mean  average. 


Microm- 
eter 
No.  6. 


Inch. 

-0.0001 

-  .0003 

-  .0001 
4-  .0001 

-  .0001 

-  .0001 
.0000 

-  .0001 
.0000 
.0000 

-  .0001 

-  .0001 

-  .0002 
.0000 


Microm- 

Microm- 

eter 

eter 

No.  7. 

No.  8. 

Inch. 

Inch. 

-0.0006 

-0.0001 

+  .0001 

-  .0001 

+  .0005 

-  .0001 

-f-  .0005 

-  .0001 

4-  .0001 

-  .0003 

+  .0001 

-  .0001 

+  .0002 

-  .0001 

.0000 

-  .0001 

+  .0002 

.0000 

+  .0002 

-  .0001 

+  .0001 

.0000 

.0000 

4-  .0001 

+  .0002 

+  .0002 

+  .0007 

-  .0002 

Microm- 
eter 

No.  9. 


Inch. 
-0.0002 

-  .0003 

-  .0003 

-  .0002 

-  .0003 

-  .0003 

-  .0002 

-  .0002 

-  .0001 
.0000 

.0000 

-  .0001 

-  .0002 

-  .0001 


Total 

variation. 


Inch. 

0.0009 
.0006 
.0008 
.0007 
.0004 

.0004 
.0004 
.0003 
.0006 
.0005 

.0002 
.0006 
.0004 
.0010 


.0004 


.0003 


Frequently  the  total  permissible  variation  in  the  thickness  of 
paper  is  0.001  inch,  and  it  is  seen  from  the  results  in  Table  12  that 
the  values  on  most  papers  obtained  with  different  instruments 
may  differ  by  half  this  amount,  0.0005  inch,  even  after  the  read- 
ings of  the  instruments  are  corrected  for  errors  found  by  the  steel 
gauge  test.  It  will  be  noted  that  7  out  of  the  14  papers  show  a 
total  variation  of  over  0.0005  inch  when  the  values  obtained  with 
all  9  instruments  are  considered.  In  some  cases  an  instrument 
reads  high  on  nearly  all  papers  while  others  read  low.  It  will 
be  seen,  however,  from  Table  12  that  the  instruments  are  not 
very  consistent  in  this  respect;  only  four  micrometers  (2,  4,  6, 
and  8)  showed  a  total  variation  less  than  0.0005  inch  in  the  varia- 
tion of  reading  from  the  average  thickness  of  the  papers. 

The  variation  in  the  contact  pressure  and  shape  of  contact  may 
account  for  the  instruments  reading  high  or  low,  while  the  varia- 
tions in  the  variations  from  the  average  thickness  of  the  papers 
may  be  accounted  for  by  varying  compressibility  of  the  papers, 
the  finish  of  the  papers,  and  the  shape  of  instrument  contacts. 

IV.  COMPRESSIBILITY   OF   COMMERCIAL  PAPERS. 

In  order  to  determine  definitely  whether  different  contact 
areas  and  different  contact  pressures  do  affect  the  results  of 
thickness  tests,  or,  in  other  words,  in  order  to  determine  whether 
paper  is  compressible  under  different  pressures  applied  to  contacts 


142  Technologic  Papers  of  the  Bureau  of  Standards.  ivol  17 

of  different  areas,  a  special  micrometer  was  constructed  as  follows: 
An  ordinary  commercial  micrometer  with  a  different  base  was 
employed  for  this  purpose.  A  small  upright  post  was  erected  at 
the  side  of  the  micrometer  gauge  in  such  a  way  that  the  post  could 
be  raised  and  lowered  with  as  little  friction  as  possible.  A  small 
arm  projected  at  right  angles  from  this  post,  so  that  the  pressure 
foot  of  the  micrometer  rested  on  the  end  of  the  arm,  and  the 
pressure  foot  of  the  micrometer  was  raised  or  lowered  accordingly 
as  the  post  was  raised  or  lowered.  The  post  was  so  constructed 
that  weights  could  be  placed  on  it  and  pressure  feet  of  different 
areas  could  be  fastened  to  its  base.  Each  pressure  foot  of  this 
instrument,  representing  the  upper  contact,  rested  upon  a  surface 
which  was  always  parallel  to  it,  because  the  position  of  the  lower 
contact  could  be  changed  with  respect  to  the  base  of  the  instru- 
ment, since  the  lower  contact  rested  in  a  socket  in  the  base,  the 
ball  and  socket  principle  being  applied.  Three  pressure  feet  or 
upper  contacts  of  different  areas  were  used.  The  area  of  the 
first  was  twice  that  of  the  second,  and  the  area  of  the  second  was 
twice  that  of  the  third.  Their  areas  were  0.314,  0.157,  an(i  °-°785 
in.2  Three  24-ounce  weights  were  used,  and  the  weight  of  the 
post  together  with  the  spring  tension  of  the  micrometer  was 
found  with  a  spring  balance  to  be  about  200  g  or  7  ounces.  (The 
change  in  spring  tension  for  different  readings  of  this  gauge  was 
so  small  that  there  was  no  indication  of  it  on  the  spring  balance 
and  it  was  felt  that  it  was  not  worth  consideration  in  a  study  of 
compressibility,  where  it  was  desired  to  show  the  effect  of  large 
changes  in  contact  pressures.)  A  gauge,  similar  in  construction 
to  number  6,  was  used  for  this  work.  (Note  below  in  Fig.  4  the 
small  change  in  spring  tension  or  total  contact  pressure  for  differ- 
ent readings  of  this  gauge.)  The  same  papers  were  used  in 
measuring  compressibility  as  were  used  in  the  performance  test, 
and  the  test  samples  were  prepared  in  the  same  manner.  The 
samples  were  tested  in  the  following  manner:  Each  sheet  of  each 
test  sample  was  tested  for  thickness  in  one  spot  by  using  the 
different  weights  on  the  upright  post.  Readings  were  taken  of 
the  increasing  and  decreasing  loads  of  units  of  24  ounces.  The 
total  number  of  readings  for  each  test  sample  for  each  operation 
was  10.  Each  10  readings  were  totaled  and  averaged,  and  the 
results  were  plotted  in  the  form  of  curves. 
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V.  STUDY  OF  RESULTS. 
1.  PRESSURE  AND  CONTACT  AREA. 

On  examination  of  the  above  curves  (Fig.  6)  it  is  possible  to 
state  definitely  that  different  contact  areas  and  different  contact 
pressures  do  affect  the  results  of  thickness  tests,  or  in  other  words, 
that  paper  is  compressible  under  different  pressures  applied  to 
contacts  of  different  areas.  The  curves  also  show  that  some 
papers  are  more  compressible  than  others.  For  instance,  the  M.  F. 
(machine  finished)  printings  numbered  4952,  4953,  4954,  and 
4955  are  more  compressible  than  the  S  +  S.  C.  (sized  and  super- 
calendered)  printings  numbered  4956  and  4957.  In  general,  this 
would  be  true  because  a  machine-finished  paper  is  usually  softer 
and  bulkier  than  a  supercalendered  paper.  This,  however,  is 
not  so  noticeable  in  the  case  of  the  high  machine-finished  writings 
numbered  4958  and  4959  and  the  supercalendered  writings  num- 
bered 4960,  4961,  4962,  4963,  and  4964,  because  the  pressure 
that  is  applied  to  the  paper  machine  calender  rolls  in  order  to 
make  the  paper  high  machine  finished  is  also  apt  to  make  the 
paper  as  hard  as,  and  no  bulkier  than,  the  supercalendered  paper. 
(A  machine-finished  paper  is  a  paper  that  has  received  its  finish 
or  surface  polish  from  the  stack  of  steel  calender  rolls  which  is  a 
part  of  the  paper  machine,  while  a  supercalendered  paper  is  a 
paper  that  has  received  its  finish  or  surface  polish  from  a  stack 
of  rolls  called  a  supercalender,  which  is  a  machine  separate  from 
the  paper  machine  and  which  is  made  up  of  a  combination  of 
steel  rolls  and  compressed  paper  rolls  or  steel  rolls  and  compressed 
cotton  rolls.) 

It  is  interesting  to  note  from  the  curves  that  in  most  cases 
there  seems  to  be  a  greater  compressibility  of  the  paper  when 
the  large  pressure  foot  is  used  than  when  the  medium  and  small 
pressure  feet  are  used.  This  is  undoubtedly  due  to  the  fact  that 
the  larger  contact  touches  on  a  large  number  of  high  points  which 
resist  compression  at  a  light  plunger  pressure  but  which  gradually 
yields  as  the  pressure  is  increased,  whereas  the  small  contact 
touches  on  a  few  points  which  yield  at  once  under  the  light  plunger 
pressure.  It  is  readily  seen  that  large  contacts  and  high-plunger 
pressure  give  results  entirely  different  from  small  contacts  and 
low  pressures.  It  has  been  suggested  that  a  standard  pressure 
per  square  inch  be  adopted  for  dial  micrometers.  A  study  of 
the  performance  and  compressibility  tests  show  that  this  sugges- 
tion is  not  a  complete  solution.     For  instance,  referring  to  Figure 
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5,  it  will  be  seen  that  micrometers  i  and  9  have  practically  the 
same  pressure  per  square  inch;  then  referring  to  Table  12  it  will 
be  seen  that  micrometer  9  always  reads  less  than  the  mean  thick- 
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Fig.  6.— Diagrams  showing  the  compressibility  of  a  series  of  writing  papers  when  A  (a 
large  size),  B  (a  medium  size),  and  C  (a  small  size),  pressure  foot  is  used  and  when  differ- 
ent loads  apply  different  pressures  to  tliese  pressure  feet. 

ness  of  the  paper,  while  micrometer  1,  with  one  exception,  reads 
greater  than  the  mean  thickness.  Of  course,  some  of  this  effect 
may  be  due  to  the  convexity  of  the  contact  of  micrometer  9,  but 
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FlG.  6. — Diagrams  showing  the  compressibility  of  a  series  of  writing  papers  when  different 
pressure  feet  are  used,  A  (a  large  size),  B  (a  medium  size),  and  C  (a  smzll  size),  and 
when  different  loads  are  applied. 
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consider  the  compressibility  curves.  Figure  6,  paper  4954,  has  a 
thickness  of  0.0032  inch  under  the  large  contact  A,  0.314  in.2  in 
area,  at  a  contact  pressure  of  67  ounces,  which  is  equivalent  to 
13  lbs./in.2;  under  the  medium  contact  B,  0.157  in-2  m  area,  it 
has  the  same  thickness  at  29  ounces,  which  is  11.5  lbs./in.2;  while 
under  the  small  contact  C,  0.0785  in.2  in  area,  its  thickness  is 
0.0032  inch  at  a  pressure  of  9  ounces;  that  is,  7  lbs./in.2  For 
large  pressures,  12  lbs./in.2  and  over,  it  is  true  that  the  effect  of 
area  of  contact  is  small,  but  in  general  the  results  indicate  that 
uniform  readings  of  thickness  can  not  be  secured  until  a  standard 
plunger  pressure  and  a  standard  area  of  contact  are  adopted. 

Sufficient  pressure  should  be  used  in  the  measurement  of  thick- 
ness to  flatten  or  straighten  the  paper  between  the  contacts. 
Pressure  sufficient  to  compress  or  indent  the  paper  is  hardly 
justifiable. 

Since  it  is  necessary  to  have  parallelism  between  contacts,  the 
ball  and  socket  principle  might  be  applied  to  the  lower  contact. 
However,  unless  the  socket  is  kept  well  oiled  the  lower  contact 
will  stick  and  assume  a  position  not  parallel  to  the  upper  contact 
and  may  be  a  cause  of  variance  in  the  readings  of  the  instrument. 

It  has  been  suggested  that  a  plunger  contact  of  a  slight  but 
definite  convexity  be  used  with  a  flat  anvil  and  a  light  plunger 
pressure.  Such  a  contact  will  assure  positive  contact  at  the 
lowest  point  on  the  plunger  foot  with  the  paper,  and  contact 
between  paper  and  anvil  in  line  with  the  lowest  point  on  plunger 
contact,  under  a  light  contact  pressure.  It  seems  advisable  to 
make  the  lower  contact  flat  and  the  upper  contact  or  plunger 
foot  spherical  with  a  radius  of  curvature  of  about  1  inch  and  with 
diameter  of  at  least  one-half  inch.  Then  the  edges  of  the  spherical 
plunger  foot  which  would  never  come  in  contact  with  the  paper 
could  be  rounded  off  so  that  test  samples  of  paper  could  be  pushed 
under  the  upper  contact;  this  would  eliminate  any  possible  error 
caused  by  the  operator's  lowering  this  upper  contact  at  a  rate 
that  is  not  uniform.  The  question  of  parrallelism  is  also  elimi- 
nated in  the  case  of  the  spherical  plunger  foot,  since  the  pressures 
are  applied  to  a  point  in  a  curved  surface.  Since  the  spherical 
plunger  foot  would  have  a  large  radius  of  curvature,  if  there  is 
any  increase  in  compressibility  obtained  by  this  plunger  foot 
over  that  obtained  by  a  flat  plunger  foot,  the  increase  is  small. 
Of  course,  the  area  of  contact  will  change  a  little  in  the  case  of 
the  spherical  plunger  foot  because  of  compressibility,  but  the 
area  of  contact  will  probably  never  be  as  large  as  that  of  the 
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smallest  pressure  foot  used  in  the  compressibility  test,  and  since 
all  micrometers  should  be  constructed  to  give  practically  the 
same  total  plunger  pressures  for  the  same  readings  on  the  dial, 
and  since  the  readings  of  the  dial  or  test  results  are  in  fractions 
of  an  inch  and  have  no  relation  to  the  area  of  contact,  it  would 
seem  that  area  of  contact  in  this  case  is  not  worth  consideration. 
Such  contacts  would  be  suitable  for  an  instrument  intended  to 
determine  the  hardness  or  compressibility  of  papers,  since  all 
end  effect  which  might  be  noticeable  with  small  flat  contacts 
with  more  or  less  sharp  edges  is  eliminated.  Weights  to  deter- 
mine compressibility  could  be  added  to  the  plunger.  Also  the 
convex  contact  would  be  suitable  for  determining  the  stacking 
thickness  of  a  number  of  sheets  under  light  pressure.  It  will 
be  noticed  in  Table  10  that  two  micrometers  tested  have  convex 
plunger  feet,  and  that  the  contacts  of  most  of  the  other  instruments 
are  so  much  out  of  parallel  that  in  effect  they  are  equivalent  to 
convex  contacts. 

A  study  of  the  pressure  curves  Figures  3,  4,  and  5  shows  that 
it  would  be  impossible  to  adapt  all  of  these  types  of  instruments 
to  both  a  standard  area  of  contact  and  a  standard  contact  pressure 
without  radical  changes  in  design.  To  secure  lighter  plunger 
pressures  the  spring  tension  must  be  reduced,  and  this  can  not  be 
done  without  a  considerable  reduction  in  the  static  friction  in 
many  cases.  The  static  friction  can  be  reduced  by  reducing  the 
weight  of  the  moving  parts,  their  number  if  possible,  and  the 
size  of  their  bearings,  also  by  improvement  in  the  quality  of 
the  bearings.  The  plunger  pressure  can  also  be  reduced  by  using 
the  principle  of  opposed  springs.  This  principle  is  used  in  the 
three  instruments  showing  the  lowest  plunger  pressures — 6,  7,  and 
9.  The  advantages  of  opposed  springs  are  best  shown  by  study 
of  the  following  algebraic  formulas: 

Let  A  and  B  be  the  forces  transmitted  to  the  plunger  by  the 
pointer  and  plunger  springs,  respectively,  neglecting  friction, 
and  let  Fm  and  Fp  be  the  friction  in  the  mechanism  and  in  the 
plunger  bearings,  respectively.  Then  if  A  and  B  are  in  the  same 
direction, 

plunger  pressure  =  {B  ±  Fp)    +   (-4   ±  FM)  (1) 

The  sign  of  FP  will  always  be  plus  when  the  sign  of  FM  is  plus,  so 
the  formula  may  be  written : 

plunger  pressure  =  B  4-  A  ±  (Fp  +  Fm) 
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If  A  and  B  are  opposed, 

plunger  pressure  =  (B  ±  Fp)   —  (A  ±  FM)  (2) 

or  -  B  -  A  ±  (FP  +  FM) 

To  secure  positive  pressure  the  first  term  in  formula  (2)  must 
be  greater  than  the  second  term.  To  take  up  all  backlash  B  must 
be  greater  than  Fp  and  A  greater  than  Fm.  The  average  plunger 
pressure  for  an  instrument  with  the  spring  forces  adding  is  evi- 
dently B  +  A,  while  for  opposed  springs  the  average  plunger 
pressure  is  B  —  A. 

The  pressure  curves  for  some  of  the  instruments,  notably  6, 
7,  and  9,  are  more  nearly  horizontal  than  for  the  remaining 
instruments.  This  means  that  the  plunger  pressure  is  nearly 
constant  over  the  full  range  of  the  instruments  and  is  secured 
by  using  long  helical  springs  for  the  plunger  and  long  spiral 
springs  of  a  large  number  of  turns  for  the  pointer.  Such  springs 
give  a  minimum  change  in  tension  for  a  given  movement  of  pointer 
and  plunger. 

Some  of  the  instruments  are  provided  with  an  air  dashpot  for 
regulating  the  velocity  with  which  the  plunger  can  move.  They 
appear  to  function  as  intended  and  prevent  the  plunger  from  strik- 
ing the  paper  with  an  excessive  impact  or  blow.  However,  the 
piston  of  an  air  dashpot  must  be  tight  fitting,  and  this  adds  to  the 
friction  of  the  instrument.  Instrument  12,  recently  introduced, 
contains  a  friction  governor  which,  however,  does  not  add  to  the 
static  friction  of  the  bearings  when  the  plunger  is  at  rest. 

It  is  important  in  all  types  of  instruments  to  keep  down  the 
weight  of  the  rotating  parts;  otherwise,  if  the  angular  velocity  is 
high,  considerable  kinetic  energy  may  be  developed,  a  large  part 
of  which  must  be  absorbed  by  the  paper  when  contact  is  made. 
This  may  prove  to  be  an  important  factor  in  an  instrument  with 
a  governor  type  of  plunger  speed  regulator. 

It  is  interesting  to  note  that  the  motion  of  instrument  12  is 
irreversible;  that  is,  the  plunger  can  not  be  raised  by  applying 
force  directly  to  the  foot.  This  is  because  the  helix  angle  of  the 
screw  that  engages  with  the  threads  of  the  plunger  is  less  than  the 
friction  angle  of  repose.  The  plunger  can  only  be  raised  by  apply- 
ing a  torque  to  the  screw,  which  is  done  by  moving  the  handle 
attached  to  the  gear  sector  engaged  with  the  pointer  pinion.  In- 
strument 10,  which  is  somewhat  similar  in  principle,  has  a  screw  or 
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worm  with  a  helix  angle  of  about  270,  much  larger  than  the  angle 
of  repose.  The  only  possible  advantage  to  an  irreversible  motion 
is  that  the  plunger  can  not  rebound  from  its  lowest  position,  so 
that  one  source  of  variation  in  contact  pressure  is  eliminated. 

2.  ACCURACY  AND  VARIANCE  OF  INSTRUMENTS. 

It  is  desirable  that  a  paper  micrometer  be  accurate  to  0.0001 
inch  at  all  points  and  that  it  repeat  its  readings  within  0.000 1  inch 
when  in  use.  It  will  be  noted  in  Table  9  that  the  majority  of  the 
instruments  calibrated  have  inaccuracies  so  large  that  corrections 
must  be  applied  to  secure  an  accurate  determination  of  the  thick- 
ness of  paper.  Probably  one  of  the  chief  sources  of  inaccuracy 
in  the  instruments  with  a  rack  cut  on  the  plunger  that  engages 
with  the  first  gear  in  the  train,  is  irregular  spacing  or  inaccuracies 
in  the  form  of  the  teeth  of  both  rack  and  gear.  These  teeth  must 
be  accurate  to  0.000 1 ,  or  better,  if  the  instrument  is  to  be  accurate 
to  0.0001  inch.  Inaccuracies  in  the  teeth  of  other  gears  in  the 
train  are  not  multiplied  at  the  pointer  to  the  extent  that  errors  in 
the  rack  and  its  gear  are.  Also  the  play  in  the  bearings  of  the  staff 
of  the  gear  engaged  with  the  rack  may  cause  considerable  variance 
in  the  readings  of  the  instrument.  If  the  staff  takes  up  varying 
positions  in  its  bearings  varying  angular  displacements  of  the  gear 
will  occur  for  equal  angular  displacements  of  the  plunger.  This 
statement  also  applies  to  the  play  in  the  bearings  of  other  gears, 
but  the  resulting  variations  at  the  pointer  are  small  in  comparison. 
If  contact  is  made  at  varying  rates  the  staff  tends  to  assume 
different  positions  in  its  bearing,  due  to  the  varying  recoil  of  the 
plunger. 

In  instruments  3,  4,  and  5  a  design  is  used  intended  to  overcome 
the  difficulties  of  securing  accurate  toothed  racks  and  gears.  In 
these  instruments  a  flexible  connector  is  used  to  convert  the  linear 
motion  of  the  plunger  into  rotary  motion  of  the  gear  engaged  with 
the  pointer  pinion.  This  flexible  connector  is  a  brass  or  bronze 
ribbon  about  0.003  incn  thick.  The  pulley  or  drum  on  which  the 
ribbon  winds  can  be  accurately  turned  or  ground  so  that  the  ratio 
of  linear  displacement  of  plunge  to  angular  displacement  of  drum 
will  be  quite  constant.  A  brass  or  bronze  ribbon  is  probably 
used  because  of  the  noncorrosive  qualities  of  these  materials;  a 
steel  ribbon  would  be  preferable  from  the  standpoint  of  flexibility 
and  strength.  Unfortunately  the  workmanship  in  the  instruments 
employing  the  flexible  connectors  is  not  as  high  grade  as  other 
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instruments  tested,  so  that  the  tests  do  not  show  any  decided 
advantage  in  this  design. 

In  instruments  10  and  12,  Figure  2,  the  parts  transferring  linear 
motion  of  plunger  to  rotary  motion  of  pointer  are  reduced  to  a 
minimum.  The  sources  of  inaccuracy  in  these  instruments  in- 
clude the  progressive  and  periodic  errors  in  the  screw  or  worm  and 
errors  in  the  thrust  bearings  of  the  screw  or  worm.  The  latter  will 
appear  as  periodic  errors.  Any  rotary  motion  of  the  plunger 
will  cause  either  an  inaccuracy  or  variance  in  the  readings  of  the 
instrument. 

Instrument  8,  Figure  1,  is  arranged  so  that  the  multiplication 
of  the  instrument  can  be  adjusted.  This  is  done  by  moving  the 
gear  sector  engaged  with  the  rack  toward  or  away  from  its  center 
of  rotation.  After  the  completion  of  the  tests  of  this  instrument 
it  was  adjusted  so  that  the  maximum  error  in  reading  on  steel 
gauges  was  not  over   ±0.0001  inch. 

VI.  SPECIFICATIONS. 
1.  FOR  DIAL  MICROMETERS  FOR  MEASURING  PAPER. 

The  following  specifications  are  intended  to  provide  instruments 
whose  readings  on  commercial  paper  corrected  for  any  errors 
found  by  calibration  against  steel  gauges  will  agree  within  0.0002 
inch. 

1.  Any  type  or  design  of  instrument  that  will  meet  the 
balance  of  these  specifications  can  be  used. 

2.  The  instrument  shall  be  provided  with  a  spherical 
plunger  foot  with  1  inch  ±0.1  inch  radius  of  curvature  and 
at  least  one-half  inch  diameter. 

3.  (a)  The  pressure  required  to  move  the  mechanism  from 
zero  reading  toward  a  higher  reading  shall  not  exceed  2 
pounds,  6  ounces,  and  the  pressure  required  to  just  prevent 
the  mechanism  from  moving  from  zero  to  a  lower  reading 
shall  not  be  less  than  1  pound,  10  ounces,  (b)  The  pressure 
required  to  just  move  the  mechanism  from  a  reading  of  0.1 
inch  toward  higher  readings  shall  not  exceed  2  pounds,  8 
ounces,  and  a  pressure  that  will  just  prevent  the  movement 
of  the  mechanism  from  a  reading  of  0.1  inch  to  a  lower  read- 
ing shall  not  be  less  than  1  pound,  12  ounces,  (c)  If  the 
instrument  is  provided  with  a  device  for  regulating  the  speed 
of  the  plunger,  the  plunger  must  not  strike  the  paper  with 
an  impact  greater  than  the  maximum  pressure  specified 
above. 
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4.  One  division  on  dial  shall  be  read  as  0.001   inch  and 
shall  be  at  least  one-eighth  inch  wide. 

5.  Accuracy  of  dial  readings  of  micrometer  shall  be  within 
the  following  tolerances: 

Maximum  permissible 
Intervals:  error,  inch. 

o  to  0.01  inch ±0.  0001 

o.or  inch  to  0.04  inch ±   .  0002 

0.04  inch  to  0.12  inch ±   .  0004 

6.  Means  shall  be  provided  for  adjusting  or  setting  the 
zero  reading  on  the  micrometer. 

7.  Micrometer  must  be  of  such  a  construction  and  work- 
manship that  it  will  not  easily  get  out  of  adjustment. 

2.  SPECIFICATIONS  FOR  PROCEDURE  IN  DETERMINING  MEAN 
THICKNESS  OF  A  SAMPLE  OF  PAPER. 

By  taking  a  large  number  of  readings,  errors  due  to  variance 
in  the  instrument  and  variation  in  the  paper  can  practically  be 
eliminated.  Errors  due  to  inaccuracies  in  the  instrument  or  in- 
correct contacts  and  contact  pressure  can  not  be  eliminated. 

It  is  recommended  that  the  test  be  made  on  10  sheets  taken 
from  the  lot  at  such  intervals  as  to  represent  an  average.  One 
reading  shall  be  taken  on  each  sheet  and  the  readings  averaged. 
The  result  shall  be  rounded  off  to  the  nearest  0.0005  inch.  For 
example,  if  the  average  result  of  10  tests  on  a  paper  is  0.0041,  or 
0.0042,  then  report  as  0.004.  If  the  average  result  of  10  tests  is 
0.0043,  0.0044,  0.0046,  or  0.0047,  then  report  as  0.0045.  If  the 
average  result  of  10  tests  is  0.0048,  0.0049,  0.0051,  or  0.0052,  then 
report  as  0.005.  It  seems  advisable  to  interpret  final  results  in 
this  way,  since  there  is  apt  to  be  an  error  in  estimating  the  fourth 
decimal  place  when  the  10  readings  are  taken  from  the  micrometer 
dial. 

VII.  SUMMARY. 

A  number  of  dial  micrometers  were  calibrated  against  steel 
gauges  and  used  to  measure  the  thickness  of  several  grades  of 
paper.  The  micrometers  were  studied  to  ascertain  the  causes  of 
the  different  readings  on  the  same  paper.  The  instruments  were 
found  to  differ  in  form  and  area  of  contact,  contact  pressure,  and 
in  the  amount  of  friction  in  the  mechanism.  To  determine  the 
effect  of  contact  area  and  pressure,  tests  in  measuring  paper  were 
made  on  commercial  papers  using  contacts  of  different  area  and 
with  varying  contact  pressures.     These  tests  showed  that  the 
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paper  yielded  to  a  greater  extent  with  increase  of  pressure  when 
the  contact  was  large  than  when  small.  Under  the  same  pressure 
per  square  inch  but  different  contact  areas  different  readings  of 
thickness  were  obtained.  The  mechanism  of  the  instruments  was 
studied  to  determine  the  effect  of  the  various  designs  on  the  con- 
tact pressure,  the  variation  in  contact  pressure,  and  the  accuracy 
and  variance  of  the  instruments.  Specifications  were  drawn  up 
for  a  standard  instrument  and  for  a  standard  procedure  in  de- 
termining the  mean  thickness  of  a  sample  of  paper. 

Washington,  June  22,  1922. 


AMERICAN  AND  ENGLISH  BALL  CLAYS. 

By  H.  H.  Sortwell. 


ABSTRACT. 

The  six  American  and  fifteen  English  clays  in  use  in  Ihe  largest  quantities  were 
studied.  No  great  differences  were  noted  in  water  of  plasticity,  all  of  the  clays  falling 
within  a  range  of  a  few  per  cent.  The  Dorset  clays  showed  a  slightly  higher  drying 
shrinkage  than  the  other  clays  tested. 

The  transverse  strength  of  the  Tennessee  clays  when  mixed  with  an  equal  weight 
of  flint  averaged  366  pounds  per  square  inch,  the  Kentucky  clays  282,  the  Dorset 
clays  405,  the  Devon  clays  443,  and  English  clays,  whose  source  was  not  known,  419. 
The  American  clays  contained  less  mineral  and  carbonaceous  matter  which  would  be 
retained  by  120  mesh.  The  rate  of  flow  of  slips  through  the  efflux  viscosimeter  did 
not  appear  to  be  a  valuable  criterion  in  differentiating  between  ball  clays. 

The  Kentucky  clays  were  almost  free  from  carbonaceous  material  requiring  oxida- 
tion, the  Tennessee  and  Dorset  clays  contained  a  small  amount,  while  the  Devon 
clays  were  highly  carbonaceous  and  difficult  to  oxidize.  The  American  clays  showed 
a  gradual  reduction  in  porosity,  and  the  volume  was  constantly  changing  from  cone  01 
to  cone  12.  Only  one  domestic  clay  was  vitrified  by  cone  8.  The  English  clays 
vitrified  at  a  low  temperature  and  remained  almost  constant  in  porosity  and  volume 
up  to  cone  12.  No  evidence  of  overfiring  was  observed.  In  a  standard  body  the 
Tennessee  clays  as  a  class  gave  the  best  color,  the  Kentucky  and  Devon  clays  were 
next,  and  the  Dorset  clays  were  comparatively  poor  in  coloring  effect.  From  the 
results  of  the  work  a  classification  of  ball  clays  has  been  drawn. 
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I.  INTRODUCTION. 

To  fill  a  need  long  felt  by  the  manufacturers  of  all  ceramic 
products  in  which  ball  clays  are  used,  the  Bureau  of  Standards 
has  conducted  an  investigation  of  the  properties  of  all  of  these 
clays  now  in  use  which  were  available  for  testing.  Although  the 
general  points  of  difference  of  the  American  and  English  clays 
were  known,  no  systematic  comparative  data  on  the  properties 
of  any  large  number  of  the  clays  were  available.  Ball  clay  as  a 
raw  material  of  the  ceramic  industries  is  indispensable,  being 
used  in  the  manufacture  of  semiporcelain,  china,  sanitary  ware, 
electrical  porcelain,  floor  and  wall  tile,  etc.  It  is  used  in  every 
white  ceramic  body  with  very  few  exceptions. 

The  behavior  of  a  body  in  casting,  jiggering,  pressing,  or  dry 
pressing  depends,  primarily,  on  the  ball  clay  content.  Ball 
clays,  with  their  large  drying  shrinkage  and  high  bonding  power, 
largely  control  the  ability  of  a  body  to  successfully  dry  in  large 
and  complicated  shapes  and  determine  the  strength  of  the  ware 
in  the  green  state.  By  their  comparatively  low  temperature  of 
vitrification  they  affect  the  maturing  temperature  and  burning 
behavior  of  a  body.  The  iron  content  of  the  ball  clays  largely 
influences  the  color  of  the  finished  product.  Ball  clays  high  in 
carbonaceous  matter  may  cause  defects  in  large  pieces  of  ware 
when  insufficient  care  is  exercised  in  firing. 

In  view  of  the  great  importance  of  ball  clays  to  the  industry 
and  of  the  difficulties  which  may  be  met  in  changing  from  one 
clay  to  another  with  no  definite  ideas  of  the  comparative  proper- 
ties and  the  variations  likely  to  be  encountered,  information 
concerning  the  clays  employed  is  of  interest  and  usefulness. 

II.  TESTING  PROCEDURE. 

The  tests  made  on  each  clay  consisted  of  the  determination  of 
the  water  of  plasticity,  volume  drying  shrinkage,  the  transverse 
strength  of  the  clay  mixed  with  an  equal  weight  of  flint,  the  residue 
retained  on  a  120-mesh  sieve,  the  rate  of  flow  of  slips  of  several 
water  contents,  the  cohesion  of  the  plastic  clay  with  various  water 
contents,  the  time  required  to  oxidize  the  carbonaceous  material, 
the  burning  behavior,  and  the  coloring  effect  in  a  standard  body. 
The  methods  employed  were  with  some  exceptions  those  generally 
used  in  work  of  this  kind,  and  were  in  detail  as  follows : 
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1.  WATER  OF  PLASTICITY. 

After  crushing  to  pass  a  10-mesh  sieve  the  clay  was  tempered 
with  water,  thoroughly  wedged  by  hand,  and  made  into  briquettes 
2K  by  1  by  1  inches.  Great  care  was  taken  to  attain  as  nearly  as 
possible  the  same  degree  of  workability  with  each  clay.  After 
taking  the  wet  weight  the  pieces  were  completely  dried  successively 
at  room  temperature,  at  65  and  no°  C,  and  the  weights  again 
taken.  The  water  of  plasticity  was  calculated  in  percentages  of 
the  weight  of  dry  clay. 

2.  VOLUME  DRYING  SHRINKAGE. 

The  volume  drying  shrinkage  corresponding  to  the  water  of 
plasticity  was  determined  by  means  of  the  Schurecht  picnometer 
using  kerosene.  The  volumes  of  the  wet  pieces  were  determined 
after  immersion  in  kerosene  several  hours,  and  after  drying  at 
room  temperature,  at  65  and  no0  C,  the  pieces  were  allowed 
to  soak  in  kerosene  over  night  and  the  volumes  again  determined. 
The  drying  shrinkage  was  calculated  in  terms  of  the  wet  volume 
of  the  clay.  From  the  data  obtained  the  ratio  of  pore  water  to 
shrinkage  water  was  calculated  by  means  of  the  usual  formulas.1 

3.  TRANSVERSE  STRENGTH. 

Each  clay  was  mixed  with  an  equal  weight  of  commercial  flint 
and  molded  into  bars  6  by  1  by  1  inches.  After  drying  at  room 
temperature,  at  65  and  no°  C,  the  pieces  were  allowed  to  cool 
in  a  desiccator  and  broken  transversely.  Fifteen  pieces  of  each 
clay  were  tested  and  the  moduli  of  rupture  calculated  by  the  usual 
formula. 

4.  RESIDUE  ON  120-MESH  SIEVE. 

Ten  grams  of  each  clay  were  washed  through  a  small  120-mesh 
sieve  2l/2  inches  in  diameter.  After  drying  at  no°  C.  the  residue 
was  weighed  and  computed  into  percentage  of  the  original  clay. 

5.  RATE  OF  FLOW  OF  CLAY  SLIPS. 

Five  slips  of  each  clay  between  the  limits  of  5  and  40  per  cent 
were  made  and  the  rates  of  flow  of  the  slips  through  the  simple 
efflux  viscosimeter 2  determined.  To  prepare  the  slips,  the  water 
and  clay,  with  a  few  shot  to  accelerate  disintegration,  were  put 
into  bottles  of  500  cc  capacity  and  rotated  for  one  hour  in  an 
agitator   making   20   revolutions  per   minute.     This   was   found 

1  Report  of  the  Committee  on  Standards,  American  Ceramic  Society,  p.  :o,  1918. 
J  B.  S.  Tech.  Papers,  No.  51. 
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to  be  sufficient  to  disintegrate  these  clays  to  the  ultimate  fineness 
they  would  attain  without  grinding.  Several  determinations  were 
made  on  each  slip.  The  results  are  given  as  the  ratios  of  the  rate 
of  flow  of  distilled  water  at  200  C.  to  the  rates  of  flow  of  the  slips 
and  are  termed  "relative  resistance  to  flow"  in  this  work.  The 
water  content  of  the  slips  was  determined  by  evaporating  to  dry- 
ness at  1  io°  C.  a  small  quantity  of  each  slip  and  weighing  the  resi- 
due. 

6.  COHESION  OF  THE  PLASTIC  CLAY. 

The  cohesion  of  the  plastic  clay  was  determined  by  means  of 
the  apparatus  shown  in  Figure  1.  The  receptacle  a  was  filled 
with  the  plastic  clay  and  the  glass  disk  b  slid  into  position  in  such  a 
manner  that  the  entire  surface  was  in  contact  with  the  clay.  Shot 
were  then  allowed  to  run  into  the  cup  c  until  the  weight  was  suffi- 
cient to  pull  the  plastic  clay  apart.  In  every  case  the  adhesion 
of  the  clay  to  the  glass  and  metal  was  greater  than  the  cohesion  of 
the  clay.  Five  determinations  were  made  on  each  mixture. 
The  results  are  given  in  grams  per  square  centimeters  required  to 
pull  apart  the  plastic  clay. 

7.  OXIDATION  OF  CARBONACEOUS  MATERIAL. 

Briquettes  2  by  i>(  by  i){  inches  were  molded  from  each  clay 
and  after  drying  were  placed  in  a  gas-fired  semimuffle  furnace. 
The  temperature  was  raised  to  7500  C.  in  five  hours,  and  the 
furnace  was  held  at  that  temperature.  Trials  of  each  clay  were 
drawn  at  half-hour  intervals  and  broken  to  observe  the  progress 
in  the  burning  out  of  the  carbonaceous  matter.  Oxidizing  con- 
ditions were  maintained  throughout  the  test. 

8.  BURNING  BEHAVIOR. 

Standard  size  briquettes  of  the  clays  were  molded,  dried,  and  the 
dry  volumes  determined,  after  which  they  were  placed  in  a  gas- 
fired  muffle  kiln,  and  the  temperature  was  raised  to  7500  C.  in 
18  hours.  The  kiln  was  held  at  that  temperature  until  trials  of 
the  most  carbonaceous  of  the  clays  indicated  that  oxidation  was 
complete.  The  muffle  was  then  heated  to  cone  12  at  a  rate  of 
200  C.  per  hour.  Trials  were  drawn  at  cones  01,  2,  4,  6,  8,  10, 
and  1 2  and  were  immediately  transferred  to  an  auxiliary  chamber 
at  red  heat,  where  the  entire  set  of  specimens  was  allowed  to  cool 
slowly.  The  pieces  were  weighed  dry,  and  after  saturation  with 
water  by  boiling  under  a  vacuum  for  one  hour  were  weighed 
suspended   in    water    and    under    atmospheric    conditions.     The 


Sortwelt] 


American  and  English  Ball  Clays. 


157 


porosities  were  calculated  by  the  Purdy  formula.3  The  volume 
shrinkages  were  calculated  in  percentages  of  the  dry  volumes  before 
firing.  In  addition,  the  true  specific  gravities  of  the  trial  pieces 
fired  at  cones  8  and  12  were  determined  by  the  usual  pycnometer 
method.  From  the  resulting  data  the  inclosed  pore  space  and 
total  true  porosities  based  on  the  true  clay  volumes  were  calcu- 
lated." 

9.  COLOR  COMPARISON. 

For  a  better  comparison  of  the  coloring  effect  of  the  clays  in  a 
body  than  could  be  drawn  from  the  burned  trial  pieces,  a  standard 
body  composition  was  made  containing  each  clay.     The  body  used 
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Fig.  i. — Apparatus  for  determining  the  cohesive  strength  of  plastic  clay. 

was  50  per  cent  ball  clay,  30  per  cent  flint,  and  20  per  cent  feldspar. 
Each  body  was  ground  in  a  small  ball  mill  for  four  hours,  passed 
through  a  120-mesh  lawn,  dried  to  plastic  condition,  and  jiggered 
into  disks  3^2  inches  in  diameter  by  one-fourth  inch  thick.  The 
disks  were  then  fired  to  cone  9  in  oxidizing  conditions  and  com- 
pared in  regard  to  color.  The  clays  were  grouped  into  three 
classes  according  to  their  coloring  effect  in  the  standard  body. 
Class  1  consisted  of  the  clays  giving  the  best  white  color,  class  2 
the  intermediate,  and  class  3  the  clays  giving  comparatively  poor 
color  in  the  bod  v. 


'  Purdy,  R.  C,  Bulletin  No.  9,  Illinois  Geological  Survey. 

4  Bleininger  and  Montgomery,  Trans.  Am.  Ceram.  Soo,  15,  p.  73,  1913. 
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III.  GENERAL  RESULTS. 

Since  there  are  several  more  brands  of  English  ball  clays  on  the 
American  market  than  domestic  clays,  the  number  of  English 
clays  included  in  the  present  work  is  proportionately  larger  than 
the  number  of  American  clays  studied.  From  the  answers  to  a 
questionnaire  sent  to  a  large  number  of  manufacturers  of  earth- 
enware, china,  electrical  porcelain,  sanitary  ware,  and  wall  and 
floor  tile,  the  clays  studied  were  chosen  as  those  being  used  in  the 
largest  quantities  at  the  time. 

The  results  of  the  tests  are  given  in  Tables  1,  2,  3,  4,  5,  6,  7, 
and  8,  showing  the  basic  differences  between  the  American  and 
English  clays,  between  clays  coming  from  the  different  producing 
localities  in  both  countries,  and  the  differences  in  clays  from  the 
same  general  localities.  No  great  differences  were  discernible  in 
regard  to  water  of  plasticity.  The  values  for  the  different  clays 
covered  a  range  of  several  per  cent,  but  no  classes  could  be  drawn 
based  on  geographical  occurrence. 

The  clays  from  Dorset,  England,  showed  a  greater  volume 
drying  shrinkage  by  from  3  to  6  per  cent  than  all  of  the  other 
clays  except  one  English  clay  whose  source  was  not  known  and 
which  might  also  be  a  Dorset  clay.  The  drying  shrinkages  of  all 
the  other  clays  were  within  a  range  of  4  per  cent.  All  of  the 
clays  tested  showed  a  tendency  to  warp  in  drying,  but  none  de- 
veloped any  cracks. 

The  transverse  strength  of  equal  mixtures  of  the  clays  with 
commercial  potter's  flint  was  determined  to  give  a  better  idea 
of  the  comparative  bonding  power  of  the  clays  in  pottery  bodies 
than  would  be  indicated  by  the  determination  of  the  transverse 
strengths  of  the  clays  alone.  The  results  showed  the  English 
clays  to  be  stronger  than  the  American  clays  in  general,  although 
two  of  the  American  clays  showed  a  modulus  of  rupture  as  high 
as  some  of  the  English  clays  which  were  of  moderate  bonding 
strength.  The  average  modulus  of  rupture  of  the  Tennessee 
clays  studied  was  366  pounds  per  square  inch,  while  the  Kentucky 
clays  averaged  282  pounds  per  square  inch  in  these  mixtures. 
One  of  the  Kentucky  clays  had  a  fair  value  for  transverse  strength, 
but  the  other  two  Kentucky  clays  were  the  lowest  in  this  respect 
of  all  the  clays  studied.  Of  the  English  clays  those  from  Devon- 
shire were  the  strongest  in  the  dry  state,  having  an  average  trans- 
verse strength  of  443  pounds  per  square  inch.  The  clays  from 
Dorset  had  an  average  modulus  of  rupture  of  405  pounds  per  square 
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inch.     The  English  clays  whose  exact  source  was  not  learned 
averaged  419  pounds  per  square  inch. 

The  American  clays  were  much  cleaner  than  most  of  the 
English  clays,  as  shown  by  the  residues  of  arenaceous  material 
and  organic  matter  which  would  not  pass  a  120-mesh  screen. 
The  Kentucky  clays  were  almost  free  from  such  material,  while 
the  Tennessee  clays  contained  only  a  small  amount.     In  other 


Fig.  2. 
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-Relative  resistance  of  the  clay  slips  to  flow. 
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words,  the  English  clays  contained  more  mineral  matter  and  dirt, 
which  have  to  be  removed  in  the  preparation  of  the  body. 

The  efflux  viscosimeter  has  seen  much  use  in  the  study  of  slips 

for  casting,  and  the  rate  of  flow  of  clay  slips  through  this  apparatus 

has  been  considered  a  valuable  criterion  of  the  inherent  plastic 

qualities  of  the  clays.     The  results  have  always  been  referred  to 
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as  "viscosity."  Since  Bingham5  has  shown  that  slips  of  clay  and 
water  are  examples  of  plastic  flow  rather  than  viscuous  flow, 
the  results  in  this  work  are  referred  to  as  "resistance  to  flow." 
The  numerical  results  are  given  in  Table  2.  Soluble  salts  in  the 
clays  are  apt  to  act  as  electrolytes  and  affect  the  results.  Figure 
2  shows  graphically  the  results  obtained  and  indicates  that  no 
geographical  divisions  can  be  made.  The  most  plastic  clay  and 
the  least  plastic  as  well,  as  indicated  by  the  behavior  in  slip  form, 
were  from  Tennessee. 
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VATETR  IN  PLASTIC  CLAY  (%) 

Fig.  3. — Cohesion  of  the  plastic  clays. 

The  "cohesion"  of  the  plastic  clays  was  determined  to  learn  the 
comparative  strength  and  bonding  powers  of  the  clays  in  the 
plastic  condition.  It  was  also  hoped  that  the  results  would  give 
a  criterion  of  the  behavior  of  the  clays  in  jiggering,  as  those  clays 
with  the  higher  value  for  cohesion  at  a  given  water  content  work 
better  by  following  the  tool  with  less  tendency  to  break.  The 
results  are  shown  in  Table  3  and  Figure  3.  Comparison  of  the  re- 
sults of  the  tests  on  the  slips  with  those  obtained  for  the  cohesion 
of  the  plastic  clays  indicates  that  there  is  no  direct  connection  be- 
tween these  two  properties.  While  each  probably  measures  one 
of  the  several  components  of  plasticity,  it  is  evident  that  neither 

'  Bingham,  Eugene  C,  B.  S.  ScL  Papers,  No.  278,  An  Investigation  of  the  Laws  of  Plastic  Flow,  p.  330. 


Sortwell] 


American  and  English  Ball  Clays. 


161 


gives  a  differentiation  of  the  clays  in  the  order  in  which  they  are 
considered  to  have  the  best  plastic  working  qualities. 

The  time  required  to  burn  out  the  carbonaceous  matter  in  the 
clays  showed  several  of  the  English  clays  to  be  very  difficult  to 
oxidize.  Although  carbonaceous  matter  of  the  type  contained  in 
these  clays  appears  to  indicate  the  plastic  working  qualities  and 
bonding  power  in  the  green  state,  it  may  be  a  cause  of  trouble  in 
some  cases.  In  the  manufacture  of  heavy  pieces  of  sanitary  ware, 
which  are  higher  in  ball  clay  than  other  white  burning  bodies, 
losses  are  apt  to  occur  when  these  highly  carbonaceous  clays  are 
used  and  insufficient  time  is  allowed  for  oxidation  in  firing. 
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FlG.  4. — Hours  oxidation  at  7500  C.  required  to  free  the  clays  from  carbonaceous  matter. 

Table  4  and  Figure  4  show  numerically  and  graphically  the 
time  required  to  oxidize  the  clays.  With  one  exception  the 
American  clays  were  low  in  carbonaceous  matter.  Two  of  the 
Kentucky  clays  tested  contained  no  material  requiring  oxidation. 
Tennessee  ball  clay  No.  5  was  high  in  carbon,  but  the  other  clays 
from  Tennessee  contained  but  little.  The  clays  from  Devonshire 
with  one  exception  required  the  longest  time  for  oxidation.  The 
Dorset  clays  were  not  as  carbonaceous  as  the  clays  from  Devon- 
shire, and,  considered  by  groups,  were  about  the  same  in  oxidation 
requirements  as  the  Tennessee  clays. 
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It  is  interesting  to  note  the  relation  between  the  carbonaceous 
matter  in  the  clays  and  the  transverse  strength.  The  two  clays 
which  contained  no  carbonaceous  matter  had  the  lowest  transverse 
strength  of  the  clays  tested.  The  Devonshire  clays  as  a  class  were 
the  most  carbonaceous  and  at  the  same  time  were  the  strongest  in 
the  green  state.  In  the  clays  studied  the  amount  of  carbonaceous 
material  and  the  transverse  strength  appear  to  be  related,  and  it  is 
safe  to  say  that,  although  there  is  no  proportionate  relationship 
between  these  factors,  the  carbonaceous  matter  is  associated  with 
the  strength  of  the  clay.     Figure  5  shows  the  transverse  strength 
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Fig.  5. — Comparison  of  transverse  strength  with  time  required  for  oxidation. 

plotted  against  the  time  required  to  free  the  clays  from  carbo- 
naceous matter. 

The  burning  behaviors  of  the  American  and  English  clays  shown 
in  Tables  5  and  6  and  in  Figures  6,7,8,9,10,  and  1 1  were  radically 
different.  The  English  clays  vitrified  at  a  low  temperature  and 
remained  almost  constant  in  volume  up  to  cone  12,  the  maximum 
firing  temperature  used  in  this  work.  No  evidence  of  overburning 
was  noticed  at  cone  12.  There  was  some  variation  in  the  burning 
behavior  of  the  clays  from  Devonshire,  but  the  four  Dorset  clays 
tested  all  underwent  practically  the  same  changes  in  apparent 
porosity  and  volume  during  firing.     The  American  clays  showed  a 
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gradual  reduction  in  porosity  from  cone  01  to  cone  12.  Tennessee 
ball  clay  No.  5  was  the  only  domestic  clay  studied  which  was 
matured  at  cone  8.     Tennessee  No.  3  matured  at  cone  10  and 
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Fig.  6. — Porosity  and  volume  changes  in  Tennessee  ball  clays. 


Fig.  7. 
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TEMPERATURE   fa  CONES 

-Porosity  and  volume  changes  in  Kentucky  ball  clays. 


Tennessee  No.  11  and  Kentucky  No.  4  at  cone  12.  The  other  two 
Kentucky  clays  were  not  yet  vitrified  at  cone  12.  Throughout 
the  firing  range  studied  the  American  clays  were  constantly  de- 
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creasing  in  volume.  Figure  6  shows  the  burning  behavior  of  the 
Tennessee  clays,  and  Figure  7  shows  that  of  the  Kentucky  clays. 
In  general,  the  English  clays  have  a  more  desirable  burning  be- 
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Fig.  8. — Porosity  and  -volume  changes  in  Dorset  ball  clays. 
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Fig.  9. — Porosity  and  volume  changes  in  Devon  ball  clays. 

havior  than  the  American  clays.  The  ball  clay  in  a  body  should 
vitrify  and  give  the  ware  strength  additional  to  that  derived  from 
the  fluxes.     While  all  of  the  English  clays  vitrify  before  cone  8, 
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only  one  of  the  American  clays  does.  Furthermore,  the  English 
clays  remain  almost  constant  in  volume  through  a  wide  range  in 
temperature,  while  the  American  clays  change  in  volume  with  any 
change  in  heat  treatment. 
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Fig.  10. — Porosity  and  volume  changes  in  Devon  ball  clays. 
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Fig.  11. — Porosity  and  volume  changes  in  English  ball  clays  (exact  source  unknown). 

Table  7  shows  the  true  specific  gravities,  inclosed  pore  space, 
and  total  porosity  in  terms  of  the  true  clay  volume  of  the  clays 
fired  at  cones  8  and  12.     In  every  case  except  three  the  true  spe- 
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cific  gravity  showed  a  slight  reduction  from  cone  8  to  cone  1 2 ,  the 
degree  depending  on  the  clay.  In  the  three  exceptions  a  slight 
increase  appeared,  and  in  nearly  every  case  there  was  a  slight 
reduction  in  inclosed  pores. 

The  results  show  an  interesting  connection  between  the  amount 
of  inclosed  pore  space  and  the  amount  of  carbonaceous  material. 
All  of  the  clays  which  contained  only  a  small  amount  of  carbona- 
ceous matter  had  inclosed  pore  space  of  from  4.5  to  9  per  cent. 
All  of  the  clays  which  were  difficult  to  oxidize  contained  inclosed 
pores  to  the  extent  of  from  10.5  to  22  per  cent  at  cone  8.     In 
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Fig.  12. — Comparison  of  inclosed  pores  at  cone  8  with  time  required  for  oxidation. 

Figure  12  the  percentage  of  inclosed  pores  at  cone  8  is  plotted 
against  the  time  required  to  burn  out  the  carbonaceous  material 
in  the  clay.  That  there  is  a  relation  between  the  two  factors  is 
clearly  shown.  In  the  manufacture  of  high  tension  electrical 
porcelain  in  which  the  inclosed  pore  space  affects  the  dielectric 
strength  it  would  be  desirable  to  avoid  the  use  of  these  highly 
carbonaceous  clays. 

In  regard  to  color,  two  clays — Tennessee  ball  clay  No.  n  and 
Knowles  English  ball  clay  No.  2 — made  excellent  white  bodies 
when  used  to  the  extent  of  50  per  cent  of  the  body.  Four  other 
clays — two  American  and  two  English — were  white  enough  to 
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be  included  in  class  1.  Eight  clays — two  domestic  and  six 
imported — were  put  in  the  intermediate  class  2,  and  the  five 
English  clays  and  the  one  American  clay  which  were  poor  in  color 
in  class  3.  The  classification  by  laboratory  numbers  was:  Class 
1,  Nos.  2,  3,  9,  12,  18,  and  19;  class  2,  Nos.  1,  5,  6,  7,  8,  11,  20, 
and  22;  and  class  3,  Nos.  4,  10,  13,  14,  15,  16,  and  17.  The 
American  clays  showed  a  very  good  color  when  fired,  three  being 
white  enough  to  be  included  in  class  1,  two  in  class  2,  and  only  one 
in  class  3.  The  majority  of  the  Devonshire  clays  were  in  the 
second  class,  while  three  of  the  four  Dorset  clays  were  in  the  third 
class.  The  Tennessee  clays  had  somewhat  better  color  when 
fired  than  those  of  Kentucky.  In  general,  it  may  be  stated  that 
the  American  clays  are  equal  to  and  in  many  cases  superior  to 
most  of  the  English  clays  in  regard  to  the  color  produced  in  the 
body  by  their  use. 

IV.  PROPERTIES  OF  INDIVIDUAL  CLAYS. 

No.  1.  Knowles  Engush  Bale  Clay  No.  i,  North  Devon 
District. — This  was  a  soft,  sticky  clay  which  worked  up  easily 
with  very  good  plasticity.  In  its  natural  state  it  was  clean  gray 
in  color  and  contained  but  little  dirt  and  carbonaceous  matter. 
It  left  only  a  small  residue — 0.2  per  cent — on  the  120-mesh 
sieve.  Its  transverse  strength  was  good,  the  modulus  of  rup- 
ture being  376  pounds  per  square  inch.  From  its  behavior 
in  slip  form  in  the  viscosimeter  it  appeared  to  be  of  very 
good  plasticity.  In  the  plastic  condition  the  strength  of  this 
clay,  as  indicated  by  the  cohesion  test,  was  a  little  below  the 
average.  The  small  amount  of  carbonaceous  matter  had  disap- 
peared after  one-half  hour  at  7500  C.  Its  burning  behavior,  shown 
in  Figure  9,  was  typical  of  the  English  clays.  In  color  it  was  a 
clean,  very  light  buff,  which  darkened  a  little  as  the  tempera- 
ture of  firing  was  increased.  It  was  placed  in  the  second  class 
in  regard  to  color. 

No.  2.  Knowles  Engush  Bale  Ceay  No.  2,  Devonshire. — 
This  clay  was  of  excellent  plasticity  and  was  sticky  and  required 
much  wedging  to  free  it  from  small  lumps.  It  was  black  in 
color,  indicating  much  carbonaceous  matter,  and  contained  a 
large  amount  of  material,  1.5  per  cent,  which  would  not  wash 
through  a  120-mesh  sieve.  The  modulus  of  rupture  of  the 
mixture  of  equal  parts  of  clay  and  flint  was  375  pounds  per  square 
inch.     The  behavior  of  the  clay  in  the  viscosimeter  indicated  it 
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to  be  of  good  plasticity,  and  its  strength  in  the  plastic  condition 
was  good.  This  clay  was  very  carbonaceous,  the  small  trial 
pieces  used  requiring  11  hours  at  7500  C.  to  oxidize  completely. 
Figure  9  shows  its  burning  behavior.  It  vitrified  at  about  cone  6, 
a  higher  temperature  for  vitrification  than  the  average  English 
clay.  The  body  containing  50  per  cent  of  this  clay  was  an  excel- 
lent white  in  color.  In  this  respect  it  was  one  of  the  best  two 
clays  tested. 

No.  3.  Knowles  English  Ball  Clay  No.  12,  Devonshire. — 
This  clay,  brownish  gray  in  color,  was  of  excellent  plasticity  and 
working  behavior.  The  residue  left  on  the  120-mesh  sieve  was 
0.7  per  cent.  It  was  the  strongest  clay  tested  in  the  green  state, 
having  a  modulus  of  rupture  of  568  pounds  per  square  inch  when 
mixed  with  an  equal  weight  of  flint.  Its  great  bonding  power 
would  make  it  especially  desirable  for  use  in  large,  heavy  prod- 
ucts, such  as  sanitary  ware.  The  clay  contained  a  great  deal  of 
carbonaceous  matter,  requiring  nine  and  one-half  hours  at  7500 
C.  for  complete  oxidation.  Its  strength  in  plastic  condition  was 
about  the  average  of  that  of  the  clays  tested.  It  vitrified  a 
little  before  cone  2  and  showed  no  change  from  that  point  through- 
out the  firing  range  studied.  The  tendency  to  warp  in  burning 
was  very  slight.  The  color  of  the  body  in  which  this  clay  was 
used  was  a  fair  white,  and  the  clay  was  included  in  class  1  of  the 
color  classification. 

No.  4.  Hammill  and  Gillespie's  "  Whiteway  "  English  Ball 
Clay,  South  Devon  District. — In  all  its  properties  this  clay 
very  much  resembled  No.  3.  Its  strength  in  the  clay-flint  mix- 
ture was  somewhat  lower,  the  modulus  of  rupture  being  446 
pounds  per  square  inch.  To  remove  the  carbonaceous  matter,  the 
ij^-inch  pieces  were  held  at  7500  C.  for  eight  and  one-half  hours. 
The  burning  behavior  was  similar  to  that  of  the  other  Devon- 
shire clays,  although  its  volume  burning  shrinkage  was  not  as 
great.  The  color  of  the  burned  clay  was  poor,  and  it  was  included 
in  the  third  class  in  regard  to  color. 

No.  5.  Paper  Makers  Chemical  Co.'s  English  Ball  Clay 
No.  90. — The  exact  source  of  this  clay  was  not  known.  It  was 
of  excellent  plasticity  and  somewhat  "greasy."  The  amount  of 
material  retained  by  the  120-mesh  sieve  was  0.7  per  cent.  The 
bonding  power  was  good,  as  shown  by  the  modulus  of  rupture  of 
441  pounds  per  square  inch.  Its  plasticity  as  indicated  by  the 
rate  of  flow  of  slips  was  a  little  below  the  average,  as  was  its  co- 
hesion.    It  was  fairly  high  in  carbonaceous  matter,  the  oxidation 
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period  required  at  7500  C.  being  eight  hours.  Its  burning  be- 
havior was  typical  of  the  English  clays,  and  its  color  when  burned 
was  fair. 

No.  6.  Joshua  Poole's  "Pikes"  Ball  Clay,  Dorset,  Eng- 
land.— Like  the  other  Dorset  clays  tested,  the  drying  shrinkage 
of  this  clay  was  higher  than  the  average.  Its  plasticity  and 
working  qualities  were  excellent.  It  was  a  clean  gray  of  yellow 
cast  in  appearance  and  only  0.2  per  cent  was  retained  on  the 
120-mesh  sieve.  Its  modulus  of  rupture  when  mixed  with  an 
equal  weight  of  flint  was  381  pounds  per  square  inch.  The 
strength  of  this  clay  in  the  plastic  condition  was  the  greatest  of 
the  clays  tested,  as  shown  by  the  cohesion  determination.  The 
behavior  of  slips  of  the  clay  indicated  it  to  be  of  excellent  plas- 
ticity. The  briquettes  were  free  from  carbonaceous  matter 
after  being  held  four  and  one-half  hours  at  7500  C.  It  vitrified 
at  cone  2  and  remained  constant  in  volume  throughout  the 
range  in  temperature  studied.  The  color  of  the  body  contain- 
ing this  clay  was  fair. 

No.  7.  Moore  and  Munger's  "Superior"  Ball  Clay,  South 
Devon  District,  England. — In  appearance  and  in  many  of  its 
properties  this  clay  very  much  resembled  No.  2.  The  black 
color  would  indicate  a  great  deal  of  carbonaceous  matter  with  the 
usual  accompanying  high  bonding  power.  The  120-mesh  sieve 
retained  1.2  per  cent  of  this  clay.  The  modulus  of  rupture  of 
the  clay-flint  mixture  was  very  high,  563  pounds  per  square  inch, 
making  this  clay,  like  No.  3,  desirable  for  bodies  where  great 
strength  is  required.  Being  very  carbonaceous  it  was  necessary 
to  hold  this  clay  at  7500  C.  for  1 1  hours  to  completely  remove  the 
black  core.  Its  burning  behavior  was  similar  to  that  of  No.  2. 
It  was  included  in  the  second  class  in  regard  to  color. 

No.  8.  Kentucky  Construction  and  Improvement  Co.'s 
Kentucky  Ball  Clay  No.  4. — This  clay  was  a  clean  light  brown 
color  and  contained  only  0.1  per  cent  of  material  which  was 
retained  by  the  120-mesh  sieve.  It  was  of  very  good  plasticity 
and  worked  up  easily.  Its  strength  in  the  clay-flint  mixture  was 
good,  as  shown  by  the  modulus  of  rupture  of  372  pounds  per 
square  inch.  Its  cohesion  was  a  little  above  the  average.  It 
contained  but  a  small  amount  of  carbonaceous  matter  which 
easily  burned  out  in  three  and  one-half  hours  at  7500  C.  Its 
porosity  gradually  decreased  from  32  per  cent  at  cone  01  to  1.4 
per  cent  at  cone  12,  and  the  volume  decreased  with  each  incre- 
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ment  in  heat  treatment.  On  the  basis  of  the  color  of  the  standard 
bodv  it  was  placed  in  class  2. 

No.  9.  MandlE  Clay  Mining  Co.'s,  Tennessee  Ball  Clay 
No.  5. — The  color  of  this  clay  was  a  pinkish  brown.  Its  plasticity 
and  working  qualities  were  good  and  the  modulus  of  rupture  high — 
478  pounds  per  square  inch — indicating  it  to  be  the  highest  in 
bonding  power  of  the  domestic  clays  tested.  Slips  of  this  clay 
showed  the  highest  rate  of  flow  through  the  efflux  viscosimeter 
and  had  the  appearance  of  being  deflocculated,  probably  due  to  a 
small  amount  of  salts  present.  It  also  contained  more  carbon  than 
the  other  American  clays  and  required  a  period  of  eight  and  one- 
half  hours  at  7500  C.  for  complete  oxidation.  The  burning  behav- 
ior is  shown  in  Figure  6.  It  was  vitrified  by  cone  8.  The  stand- 
ard body  containing  it  burned  to  a  good  shade  of  white,  entitling 
it  to  inclusion  in  the  first  color  class. 

No.  10.  CM.  Franzheim's  Blue  Ball  Clay  No.  25,  Dorset, 
England. — This  clay  was  a  clean  gray  in  color  and  of  excellent 
plasticity,  working  up  easily.  The  amount  of  material  retained 
on  the  120-mesh  sieve  was  fairly  high,  0.9  per  cent.  Its  strength 
in  a  body  was  high,  as  shown  by  a  modulus  of  rupture  when  mixed 
with  flint  of  403  pounds  per  square  inch.  Its  cohesion  and  the 
resistance  to  flow  of  the  slips  were  about  the  average  for  the  clays 
studied.  It  contained  but  little  carbon  and  oxidized  easily  in  two 
and  one-half  hours  at  7500  C.  This  clay  was  vitrified  at  cone  01, 
and  remained  almost  constant  in  volume  to  cone  12.  It  was  in- 
cluded in  class  3  in  the  color  comparison. 

No.  11.  CM.  Franzheim's  "  Devon  "  Ball  Clay,  Devonshire, 
England. — This  clay  was  gray  in  color,  of  very  good  plasticity, 
and  tempered  easily.  The  120-mesh  sieve  retained  0.4  per  cent. 
The  modulus  of  rupture  was  345  pounds  per  square  inch,  and  the 
period  at  7500  C  required  to  oxidize  the  carbonaceous  matter  was 
only  two  hours.  This  was  one  of  the  strongest  clays  tested  in  the 
plastic  condition,  as  shown  by  the  cohesion,  and  the  resistance  to 
flow  of  slips  containing  it  would  indicate  it  to  be  of  excellent  inher- 
ent plastic  qualities.  Its  burning  behavior  closely  resembled  that 
of  No.  10.  In  regard  to  comparative  color  it  was  placed  in 
class  2. 

No.  12.  Johnson-Porter  Co.'s  Tennessee  Ball  Clay  No. 
1 1 . — As  this  clay  is  shipped  it  is  a  clean  light  pink  in  color,  appear- 
ing to  be  free  from  carbonaceous  matter.  It  was  very  plastic  and 
worked  up  easily.  Its  cleanliness  was  indicated  by  the  fact  that 
all  but  o.  1  per  cent  passed  the  1 20-mesh  sieve.     Its  strength  when 
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dried  was  somewhat  low,  as  shown  by  the  modulus  of  rupture  of 
the  flint-clay  mixture,  which  was  293  pounds  per  square  inch.  The 
resistance  to  flow  of  slips  of  this  clay  would  appear  to  indicate  that 
it  had  the  best  plastic  qualities  of  the  clays  tested.  Its  strength 
in  the  plastic  condition  was  good.  The  amount  of  carbonaceous 
matter  to  be  removed  in  burning  this  clay  was  very  small,  the  1  %- 
inch  briquettes  being  free  from  carbon  one  hour  after  7500  C.  was 
reached.  Its  behavior  in  burning  shown  in  Figure  6  was  typical 
of  the  Tennessee  clays.  The  body  containing  50  per  cent  of  this 
clay  burned  to  a  fine  white,  and  it  was  one  of  the  two  clays  tested 
that  were  very  much  superior  to  all  the  others  in  regard  to  color. 

No.  13.  John  Sant  and  Sons'  "Dorset"  Ball  Clay,  Dorset, 
England. — In  most  of  the  properties  studied  this  clay  showed 
little  difference  from  the  other  Dorset  clays.  It  was  very  clean, 
only  0.1  per  cent  being  retained  by  the  120-mesh  sieve.  Its 
bonding  power  was  excellent.  It  had  the  greatest  transverse 
strength  of  the  Dorset  clays  tested,  having  a  modulus  of  rupture 
of  492  pounds  per  square  inch  when  mixed  with  an  equal  weight 
of  flint.  The  small  amount  of  carbon  present  disappeared  after 
the  test  pieces  had  been  held  at  7500  C.  for  one  hour.  Figure  8 
shows  that  its  burning  behavior  was  typical  of  the  Dorset  clays. 

No.  14.  Cooley  Ball  and  Sagger  Clay  Co.'s  Kentucky  Ball 
Clay  No.  10. — This  clay  was  very  clean  and  almost  white  in  the 
raw  state.  Its  plasticity  was  good  and  it  slaked  easily.  It  con- 
tained practically  no  dirt  nor  coarse  mineral  matter,  as  only  0.04 
per  cent  would  not  wash  through  a  120-mesh  sieve.  Its  modulus 
of  rupture  of  223  pounds  per  square  inch  would  indicate  it  to  be 
somewhat  deficient  in  strength  in  the  dried  state.  Its  behavior 
in  slip  form  and  when  plastic  is  shown  in  Figures  2  and  3.  As 
indicated  by  its  white  color,  it  contained  no  carbonaceous  matter 
and  would  require  no  oxidation  in  its  burning.  Its  porosity  and 
volume  shrinkage  relations  are  shown  in  Figure  7.  It  was  not 
vitrified  at  cone  12.  Its  volume  shrinkage  throughout  the  firing 
range  studied  was  low.  It  was  placed  in  class  3  of  the  color 
classification. 

No.  15.  Moore  and  Munger's  English  Ball  Clay  No.  ii, 
England. — This  English  clay,  the  exact  source  of  which  was  not 
learned,  showed  no  distinct  differences  from  the  English  clays  in 
general  studied.  Its  properties  are  shown  in  the  tables  and 
Figures  2,  3,  4,  and  11.  Its  similarity  to  clay  No.  11  makes  a 
discussion  of  it  in  detail  unnecessary. 
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No.  16.  Paper  Makers  Chemical  Co.'s  "Fayles"  Bale  Clay, 
Corfe  Castle,  Dorset,  England. — This  clay  of  clean  light  gray- 
appearance  was  of  excellent  plasticity  and  working  properties. 
The  residue  retained  by  the  120-mesh  sieve  was  0.8  per  cent. 
The  modulus  of  rupture  of  the  bars  made  of  equal  parts  of  clay 
and  flint  was  347  pounds  per  square  inch.  Its  behavior  when 
plastic  and  in  slip  form  was  about  the  average  for  the  clays  tested. 
Only  a  small  amount  of  carbonaceous  matter,  which  was  removed 
in  two  hours  at  7500  C,  was  present.  In  burning  behavior  it  was 
practically  the  same  as  the  other  Dorset  clays  shown  in  Figure  8, 
and  it  was  placed  in  class  3  of  the  comparative  color  classification. 

No.  17.  Paper  Makers  Chemical  Co.'s  "Grindley"  Ball 
Clay,  Newton  Abbot,  Devonshire,  England. — In  appearance 
this  clay  resembled  the  other  clays  from  the  same  district.  It 
was  a  dark  brownish-gray  in  color,  of  excellent  plasticity,  and 
contained  0.8  per  cent  of  matter  coarser  than  would  pass  a 
120-mesh  sieve.  Typical  of  the  Devonshire  clays,  it  was  highly 
carbonaceous  and  of  high  transverse  strength  when  dry.  The 
modulus  of  rupture  of  the  clay-flint  mixture  was  427  pounds  per 
square  inch.  It  was  necessary  to  hold  the  1 34 -inch  trial  pieces 
at  7500  C.  for  10  hours  in  order  to  completely  remove  the  black 
core  of  carbonaceous  matter.  It  vitrified  at  cone  6  and  remained 
constant  in  volume  from  that  point  to  cone  12.  In  regard  to 
color  it  was  included  in  class  3. 

Xo.  18.  Moore  and  Munger's  "Great  Beam"  Ball  Clay, 
England. — This  clay  of  unknown  source  was  probably  also  a 
Devonshire  clay.  It  was  very  plastic  and  contained  1.6  per 
cent  of  material  which  would  not  pass  through  a  120-mesh  sieve. 
Its  modulus  of  rupture  of  454  pounds  per  square  inch  showed  its 
usefulness  in  giving  strength  to  a  body.  The  oxidation  period 
required  to  remove  the  large  amount  of  carbonaceous  matter 
present  was  eight  and  one-half  hours  at  7500  C.  It  was  vitrified 
at  cone  2.  The  body  containing  50  per  cent  of  this  clay  burned  to 
a  good  white,  entitling  it  to  inclusion  in  class  1 . 

No.  19.  Cooley  Ball  and  Sagger  Clay  Co.'s  Kentucky  Ball 
Clay  No.  9. — Coming  from  the  same  vicinity  and  being  almost 
the  same  in  appearance  as  No.  14,  it  was  to  be  expected  that  its 
properties  would  be  very  much  like  those  of  that  clay.  In  color 
it  was  a  clean  white,  looking  more  like  a  china  clay  than  a  ball 
clay.  It  slaked  easily  and  was  of  good  plasticity.  No  residue 
was  retained  by  the  120-mesh  sieve.     Its  strength  was  low,  as 
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shown  by  the  modulus  of  rupture  of  253  pounds  per  square  inch. 
The  behavior  in  slip  form  was  near  the  average  of  the  clays  tested 
and  its  cohesion  when  plastic  was  low.  Like  No.  14,  it  was  com- 
pletely free  from  carbon,  its  color  being  white  at  the  time  the 
sample  was  crushed  and  after  it  had  been  fired  to  cone  12.  Its 
porosity  temperature  relations  were  almost  the  same  as  those  of 
No.  14,  but  its  volume  shrinkage  during  firing  was  greater.  It 
made  a  very  good  white  body  when  used  to  the  extent  of  50  per 
cent  and  was  considered  of  the  first  class  with  respect  to  color. 

No.  20.  Mandle  Clay  Mining  Co.'s  Tennessee  Ball  Clay 
No.  3. — This  very  plastic  clay  required  the  largest  amount  of  water 
of  plasticity — 53 .3  per  cent — of  any  of  the  clays  tested.  It  differed 
in  color  from  the  other  Tennessee  clays,  being  a  clean  gray  instead 
of  the  pinkish  brown  of  the  others.  All  but  0.3  per  cent  passed 
a  1 20-mesh  sieve.  Its  strength  was  good,  as  shown  by  the  modulus 
of  rupture,  327  pounds  per  square  inch,  of  the  clay-flint  bars.  Its 
cohesion  was  above  the  average,  and  the  resistance  to  flow  of  slips 
containing  it  appeared  to  indicate  it  to  be  of  very  good  plasticity. 
The  small  amount  of  carbon  in  the  clay  disappeared  after  two 
hours  of  oxidizing  at  7500  C.  It  vitrified  at  cone  12  and  showed 
the  changing  volume  with  increase  in  burning  temperature  typical 
of  American  ball  clays.     Its  color  was  fair. 

No.  21.  Moore  and  Munger's  "M.  &  M. "  English  Ball 
Clay. — This  clay,  of  indefinitely  known  source,  apparently  was 
from  one  of  the  Devonshore  districts.  It  was  very  plastic,  con- 
tained 1.4  per  cent  of  material  coarser  than  120  mesh,  and  was 
of  very  good  strength.  Its  modulus  of  rupture  when  mixed  with 
flint  was  384  pounds  per  square  inch.  The  carbonaceous  core  was 
not  completely  removed  from  the  trial  pieces  until  they  had  been 
oxidized  seven  and  one-half  hours  at  7500  C.  The  clay  vitrified 
at  cone  4  and  belonged  in  class  2  in  regard  to  color. 

V.  CLASSIFICATION  OF  BALL  CLAYS. 

From  the  data  obtained  a  classification  of  the  ball  clays  studied 
has  been  drawn.  On  account  of  the  wide  variety  of  properties 
considered  it  was  somewhat  difficult  to  draw  a  strict  classification 
which  would  incorporate  all  of  the  characteristics  of  the  clays.  In 
the  following  classification  an  attempt  has  been  made  to  separate 
the  clays  into  groups  of  the  predominating  types. 

Class  D. — This  class  includes  sticky  clays,  strong  in  the  dry 
state,  usually  black  or  brown,  high  in  carbonaceous  matter,  and 
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difficult  to  oxidize,  usually  leaving  residues  on  the  1 20-mesh  sieve 
and  burning  to  a  good  color  with  the  burning  behavior  typical 
of  English  ball  clays.  If  used  to  excess,  these  clays  have  a  tend- 
ency to  stick  to  the  jigger  tool,  causing  "  pulling  out."  This  group 
has  been  subdivided  according  to  the  transverse  strength  of  the 
clay  in  the  clay-flint  mixture. 

(1)  Transverse  Strength  Over  500  Pounds  per  Square  Inch. — 
Laboratory  No.  3,  English  ball  clay  No.  12  (Luke  Knowles) ; 
Laboratory  No.  7,  "Superior"  ball  clay  (Moore  &  Munger). 

(2)  Transverse  Strength  4.00-500  Pounds  per  Square  Inch. — 
Laboratory  No.  13,  "Dorset"  ball  clay  (John  Sant  &  Sons); 
Laboratory  No.  18,  "Great  Beam"  ball  clay  (Moore  &  Munger); 
Laboratory  No.  4,  "  Whiteway"  English  ball  clay  (Hammill  &  Gil- 
lespie) ;  Laboratory  No.  5,  English  ball  clay  No.  90  (Paper  Makers 
Chemical  Co.);  Laboratory  No.  17,  "Grindley"  ball  clay  (Paper 
Makers  Chemical  Co.) . 

(3)  Transverse  Strength  375-400  Pounds  per  Square  Inch. — 
Laboratory  No.  2,  English  ball  clay  No.  2  (Luke  Knowles);  Lab- 
oratory No.  22,  "  M.  &  M."  English  ball  clay  (Moore  &  Munger). 

Class  E. — The  clays  of  this  class  are  very  plastic,  of  the  lubri- 
cating type,  blue  or  gray  in  color,  contain  little  carbonaceous 
matter,  and  leave  only  a  small  residue  on  the  1 20-mesh  sieve. 
They  are  not  as  strong  as  class  D  and  the  color  is  not  quite  as 
good.  The  burning  behavior  is  typical  of  English  ball  clays,  and 
they  yield  excellent  jiggering  qualities  with  almost  perfect  be- 
havior under  the  tool.  The  transverse  strength  of  the  clay-flint 
mixtures  is  from  350  to  400  pounds  per  square  inch.  Laboratory 
No.  1,  English  ball  clay  No.  1  (Luke  Knowles) ;  Laboratory  No.  6, 
"Pikes"  ball  clay  (Joshua  Poole);  Laboratory  No.  10,  blue  ball 
clay  No.  25  (C.  M.  Franzheim) ;  Laboratory  No.  11,  "Devon"  ball 
clay  (C.  M.  Franzheim) ;  Laboratory  No.  15,  English  ball  clay  No. 
1 1  (Moore  &  Munger) ;  Laboratory  No.  16,  "  Fayles  ball  clay  (Paper 
Makers  Chemical  Co.). 

Class  F. — Only  one  of  the  clays  tested  belongs  in  class  F.  This 
clay  is  similar  to  the  very  plastic  clays  of  class  D  in  all  respects, 
except  that  it  does  not  have  the  burning  behavior  typical  of  Eng- 
lish ball  clays.  The  transverse  strength  in  clay-flint  mixtures  is 
above  400  pounds  per  square  inch,  and  vitrification  occurs  at 
cone  8.  Laboratory  No.  9,  Tennessee  ball  clay  No.  5  (Mandle 
Clay  Mining  Co.). 

Class  G. — The  only  clay  in  this  class  is  a  plastic  clay  similar  to 
that  of  class  F,  but  not  vitrifying  until  cone  10.     Its  transverse 
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strength  is  between  300  and  400  pounds  per  square  inch.  Labora- 
tory No.  20,  Tennessee  ball  clay  No.  3  (Mandle  Clay  Mining  Co.) . 

Class  H. — These  clays  are  plastic,  usually  gray  or  pink,  contain 
little  carbonaceous  matter,  and  leave  almost  no  residue  on  the  120- 
mesh  sieve.  The  transverse  strength  of  clay-flint  mixture  varies 
from  280  to  400  pounds  per  square  inch,  and  they  burn  to  good 
white  color  and  vitrify  at  cone  12.  Laboratory  No.  8,  Kentucky 
ball  clay  No.  4  (Kentucky  Construction  &  Improvement  Co.) ; 
Laboratory  No.  12,  Tennessee  ball  clay  No.  11  (Johnson- Porter 
Clay  Co.). 

Class  J. — The  clays  of  class  J  are  white,  free  from  carbonaceous 
matter,  and  leave  no  residue  on  the  120-mesh  sieve.  The  trans- 
verse strength  when  mixed  with  flint  lies  between  200  and  280 
pounds  per  square  inch.  They  burn  to  fair  white,  but  are  not 
vitrified  at  cone  12.  Laboratory  No.  13,  Kentucky  ball  clay  No. 
9  (Cooley  Ball  &  Sagger  Clay  Co.) ;  Laboratory  No.  14,  Kentucky 
ball  clay  No.  10  (Cooley  Ball  &  Sagger  Clay  Co.). 

VI.  CONCLUSIONS. 

From  the  results  of  the  tests  made  on  these  2 1  ball  clays  now  in 
use  in  the  manufacture  of  white  ceramic  products  the  following 
conclusions  are  summarized : 

1 .  In  regard  to  water  of  plasticity  and  volume  drying  shrinkage 
the  clays  tested  are  very  much  alike  with  the  exception  of  the 
Dorset  clays,  which  are  higher  in  drying  shrinkage. 

2.  The  English  clays,  in  general,  are  of  greater  bonding  power 
than  the  American  clays.  The  Devonshire  clays  as  a  class  are 
the  stronger,  the  Dorset  clays  being  next  in  strength.  Of  the 
domestic  clays  those  from  Tennessee  are  of  good  bonding  power. 
One  of  the  Kentucky  clays  is  of  good  strength,  but  the  others  are 
low  in  this  respect. 

3.  The  American  clays  contain  less  coarse  mineral  and  organic 
matter  than  the  imported  clays  and  the  Kentucky  clays  less  than 
the  Tennessee  clays. 

4.  The  behavior  of  slips  of  clay  in  the  simple  efflux  viscosimeter 
does  not  appear  to  be  a  reliable  criterion  of  plastic  qualities  of 
clays. 

5.  No  distinctions  based  on  the  usefulness  of  the  clays  could  be 
drawn  from  the  determination  of  the  cohesiveness  of  the  clays. 
While  this  factor  differentiates  between  ball  clays  and  kaolins 
the  results  are  not  of  value  in  differentiating  between  ball  clays. 
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6.  Some  of  the  English  ball  clays  are  very  high  in  carbonaceous 
matter  and  are  apt  to  cause  trouble  when  no  allowance  for  this 
fact  is  made  in  firing.  The  Devonshire  clays  require  the  longest 
time  for  oxidation.  The  clays  from  Dorset  contain  a  moderate 
amount  of  matter  requiring  oxidation.  Tennessee  ball  clay  No.  5 
is  difficult  to  oxidize,  but  the  other  Tennessee  clays  contain  only 
a  small  amount  of  carbon.  The  Kentucky  clays  contain  very 
little  material  requiring  oxidation. 

7.  The  English  clays  vitrify  at  a  low  temperature,  cone  01  to 
cone  6,  and  remain  constant  in  volume  and  porosity  through  a 
wide  range  in  temperature.  The  American  clays  are  constantly 
changing  in  porosity  and  volume  throughout  the  temperature 
range  studied.  The  Tennessee  clays  vitrify  at  from  cone  8  to 
cone  12.  The  Kentucky  clays  are  just  approaching  vitrification 
at  cone  12.  None  of  the  ball  clays  studied  showed  signs  of  over- 
firing  at  cone  12.  Ball  clays  from  the  same  district  show  little 
difference  in  burning  behavior. 

8.  In  general,  the  American  clays  are  equal  to  or  better  than 
most  of  the  imported  clays  in  regard  to  the  color  produced  in  the 
body  by  their  use. 

9.  Although  in  some  ways  the  English  clays  are  superior  to  the 
American  clays  for  use  in  ceramic  bodies,  there  are  other  offset- 
ting factors  in  favor  of  the  latter  which  tend  to  favor  the  exclu- 
sive use  of  domestic  clays  in  case  the  deposits  of  English  clays 
should  become  scarce  or  inaccessible. 

10.  The  American  clays  are  nearly  equal  to  the  English  in 
plastic  working  qualities,  but  give  less  strength  to  the  body  when 
dry.  However,  since  they  are  cleaner  and  burn,  in  general,  to  a 
better  color  than  most  of  the  English  clays,  they  may  be  used  in 
larger  amounts  without  affecting  the  color  of  the  product,  thereby 
in  a  measure  overcoming  their  lower  strength.  The  American 
clays  are  less  apt  to  cause  trouble  from  lack  of  oxidation  of  the 
carbonaceous  matter.  By  firing  to  a  little  higher  temperature 
or  adjusting  the  flux  content  of  the  body  the  same  degree  of  vitri- 
fication may  be  obtained  in  a  body  containing  domestic  ball  clay 
as  in  the  same  body  when  an  imported  clay  is  used.  Owing  to  the 
variation  in  porosity  and  volume  of  the  American  clays  with 
slight  changes  in  heat  treatment,  somewhat  more  exact  firing 
would  be  required  to  produce  ware  of  the  same  uniformity  of 
porosity  and  size  than  with  the  English  clays. 

1 1 .  The  difference  in  burning  behavior  is  the  main  reason  why 
attempts  to  wholly  substitute  the  American  clays  for  the  English 
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have  not  been  entirely  successful.  The  substitution  of  an  Ameri- 
can clay  for  an  imported  one  makes  a  more  porous  body  under  the 
same  firing  conditions,  which  in  some  types  of  ware  may  lead  to 
crazing.  Successful  substitution  requires  either  a  little  higher 
firing  temperature  or  adjustment  of  the  flux  content  of  the  body 
to  produce  the  same  degree  of  vitrification.  The  lack  of  con- 
stancy in  porosity  and  volume  is  more  difficult  to  overcome,  but 
by  the  development  of  more  exact  firing  treatment  by  the  expert 
use  of  the  more  advanced  types  of  periodic  kilns  and  the  con- 
tinuous kiln  this  variation  could  be  minimized. 

A.  V.  Bleininger  made  suggestions  in  outlining  the  work  and 
gave  advice  in  preparing  the  report. 

TABLE  1.— Miscellaneous  Properties  of  Ball  Clays. 


Labora- 
tory No. 


Name  of  clay. 


Water   'S6  Shrink 
hcity.    "£2*1  water. 


1 English  ball  clay  No.  1 

2 English  ball  clay  No.  2 


3 English  ball  clay  No.  12.. . 

4 ""Whiteway"  ball  clay 

English  ball  clay  No.  90... 


6 Pikes  ball  clay 

7 Superior  ball  clay 

8 Kentucky  ball  clay  No.  4... 

9 Tennessee  ball  clay  No.  5. 

M Blue  ball  clay  No.  25. 

11.. 
12.. 
13.. 
14.. 
15.. 


45.6 

28.4 

51.9 

26.1 

44.9 

27.7 

39.9 

28.4 

47.3 

29.6 

46.3 

32.2 

46.4 

28.2 

46.7 

28.1 

51.9 

29.2 

48.3 

33.5 

Devon  ball  clay 

Tennessee  ball  clay  No.  11. 

Dorset  ball  clay 

Kentucky  ball  clay  No.  10. . 
English  ball  clay  No.  11. 


16 Fayles  ball  clay ... 

17 Grindley  ball  clay 


Great  Beam  ball  clay 

Kentucky  ball  clay  No.  9. . . 
Tennessee  ball  clay  No.  3. 
M.  &M.  ball  clay 


43.3 
44.5 
45.9 
38.3 
48.5 

47.0 

45.8 
47.6 
41.5 
53.3 
45.8 


26.5 
26.0 
33.0 
25.5 
33.5 

32.7 
29.1 
28.8 
27.0 
27.6 
28.1 


24.3 
24.7 
23.9 
22.3 
26.3 

27.9 
24.6 
24.7 
26.5 
29.5 

21.9 
21.9 
28.1 
19.7 
29.2 

28.3 
25.3 
25.6 
22.1 
29.9 
24.7 


Pore 
water. 


21.3 
27.2 
21.0 
17.5 
21.0 

18.4 

21.8 
21.8 
25.4 
18.8 

21.4 
22.5 
17.8 
18.6 
19.3 

18.7 
20.5 
22.0 
19.4 
23.4 
21.1 


Ratio 

pore 

water 

to 

shrink 

age 
water. 


Den-  .  Resi- 

sity  I  due  on 

dried  j     120 

clay.  .'  mesh. 


1.667 
1.413 
1.627 
1.738 
1.627 

1.742 
1.598 
1.593 
1.537 
1.712 

1.652 
1.585 
1.753 
1.733 
1.723 

1.714 
1.623 
1.577 
1.671 
1.545 
1.587 


0.2 

1.5 

.7 

.4 

.7 

.2 
1.2 

.1 
.4 
.9 

.4 
.1 
.1 
.0 
.3 


1.6 
.0 
.3 

1.4 


Modu- 
lus of 
rup- 
ture 
1  clay- 
1  flint. 


376 
375 

568 
446 
441 

381 
563 
372 
478 
403 

345 
293 
492 
223 
396 

347 

427 
454 
253 
327 
384 


1 78 
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TABLE  2.— Relative  Resistance  to  Flow  of  Clay  Slips. 

[Water  equals  1.000.] 


Laboratory 
No. 

Percent- 
age clay 
in  slip. 

Relative 
resist- 
ance to 
flow. 

Laboratory 
No. 

Percent- 
age clay 
in  slip. 

Relative 
resist- 
ance to 
flow. 

Laboratory 
No. 

Percent- 
age clay 
in  slip. 

Relative 
resist- 
ance to 
flow. 

5.08 

14.54 
24.72 
29.07 
35.14 

4.96 
11.47 
21.32 
27.32 
30.70 

4.62 
13.08 
21.10 
29.50 
39.03 

4.88 
13.77 
22.71 
32.00 
39.12 

5.20 

13.06 
22.45 
30.86 
37.90 

5.46 
13.76 
22.80 
30.81 
37.04 

5.13 
13.20 
21.91 
30.00 
36.65 

1.015 
1.065 
1.570 
2.330 

1.014 
1.027 
1.090 
1.238 
2.065 

1.008 
1.018 
1.032 
1.088 
3.330 

1.018 
1.037 
1.086 
1.345 
4.180 

1.028 
1.042 
1.068 
1.350 
3.120 

1.032 
1.120 
1.368 
2.820 
(*) 

1.018 
1.047 
1.158 
1.483 
2.246 

8 

5.35 
14.36 
24.18 
33.06 
37.42 

4.52 
12.60 
20.05 
27.63 
34.40 

5.04 

14.04 
22.78 
31.68 
39.18 

5.17 
13.48 
21.67 
29.75 
32.46 

4.83 
12.53 
20.30 
27.72 
34.14 

S.-58 
13.84 
23.20 
31.90 
39.05 

5.28 
13.37 
21.14 
31.53 
39.08 

1.022 
1.070 
1.210 
2.200 
(») 

1.005 
1.035 
1.057 
1.102 
1.295 

1.026 
1.073 
1.434 
2.765 
0) 

1.012 
1.110 
1.397 
3.050 
6.060 

1.017 
1.060 
1.350 
6.060 
(») 

1.027 
1.072 
1.455 
2.300 
(') 

1.027 
1.088 
1.320 
2.256 
P) 

15 

5.00 
13.61 
22.30 
30.60 
38.37 

6.05 
13.83 
23.65 
32.60 
39.28 

4.97 
13.08 
21.33 
30.48 
35.02 

4.73 
12.38 
20.60 
28.33 
33.90 

4.96 
14.23 
24.13 
29.04 
36.14 

5.12 
13.98 
22.60 
31.80 
39.46 

5.27 
13.95 
21.20 
32.96 
37.14 

1.026 

8 

15 

1.046 

8 

15 

1.220 

8 

15 

2.137 

8 

15 

1.016 

2     

9 

16 

2          

9 

16 

1.076 

2 

9 

16 

1.264 

2 

9 

16 

1.920 

2 

9 

16 

1.009 

3        

10 

17 

3 

10 

17 

1.014 

3 

10 

17 

1.032 

3 

10 

17 

1.172 

3 

10 

17 

1.744 

11 

18 

1.014 

11 

18 

1.028 

11 

18 

1.083 

11 

18 

1.437 

11 

18 

3.730 

5 

12 

19 

1.028 

5 

12 

19 

1.123 

5 

12 

19 

1.770 

5 

12 

19 

2.370 

5 

12 

19 

(l) 
1.014 

6 

13 

20 

6 

13 

20 

1.066 

6 

13 

20 

1.416 

6 

13 

20 

2.660 

6  .. 

13 

20 

0) 
1.008 

7 

14 

22 

7 

14 

22 

1.047 

7... 

14 

22 

1.096 

7 

14 

22 

3.010 

7... 

14 

22 

(i) 

1  The  slip  would  not  flow  out  of  the  apparatus. 


soTtweii)  American  and  English  Ball  Clays. 

TABLE  3. — Cohesion  of  the  Clays  in  Plastic  Condition. 

[Cohesion  in  grams  per  square  centimeter.] 
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Laboratory 
No. 

Per- 
centage 
water. 

Cohe- 
sion. 

Laboratory 
No. 

Per- 
centage 
water. 

Cohe- 
sion. 

!    Laboratory 
No. 

Per- 
centage 
water. 

Cohe- 
sion. 

1 

32.5 
35.0 
37.5 
40.0 
42.5 

35.0 
37.5 
40.0 
42.5 
45.0 

32.5 

35.0 
37.5 
40.0 
42.5 

30.0 
32.5 
35.0 
37.5 
40.0 

35.0 
37.5 
40.0 
42.5 
45.0 

40.0 
42.5 
45.0 
47.5 
50.0 

32.5 
35.0 
37.5 
40.0 
42.5 

105.5 
97.2 
95.9 
76.2 
71.6 

153.2 
110.5 
97.0 
83.7 
66.0 

149.0 
121.5 
116.4 
85.0 

71.2 

143.1 
123.2 
114.8 
83.4 
61.4 

133.5 
105.8 
74.1 
64.0 
54.9 

144.3 
114.5 
95.3 
75.1 
55.7 

148.0 
123.5 
113.4 
86.4 
59.2 

8 

35.0 
37.5 
40.0 
42.5 
45.0 

35.0 

37.5 
40.0 
42.5 
45.0 

35.0 
37.5 
40.0 
42.5 
45.0 

40.0 
42.5 
45.0 
47.5 
50.0 

35.0 

37.5 
40.0 
42.5 
45.0 

32.5 
35.0 
37.5 
40.0 
42.5 

30.0 
32.5 
35.0 
37.5 
40.0 

143.5 
124.8 
95.4 

15 

32.5 

35.0 
37.5 
40.0 
42.5 

32.5 
35.0 
37.5 
40.0 
42.5 

35.0 

37.5 
40.0 
42.5 
45.0 

37.5 
40.0 
42.5 
45.0 
47.5 

32.5 
35.0 
37.5 
40.0 
42.5 

37.5 
40.0 
42.5 
45.0 
47.5 

37.5 
40.0 
42.5 
45.0 
47.5 

139.5 

1 

8 

15 

114  9 

1 

8 

15 

103.  2 

1 

8 

15 

84.4 

1 

8 

72.6 

146.4 
109.0 
93.0 
76.5 
64.7 

140.0 
101.2 
84.9 
70.2 
61.5 

131.0 

106.8 
94.4 
78.4 
54.8 

137.2 
117.1 
184.0 
58.6 
43.6 

153.8 
126.7 
109.4 
83.9 
63.7 

135.2 
113.4 
89.2 
60.6 
45.6 

15 

51.7 

2 

9 

i  16 

131.9 

2... 

9 

16 

106.2 

2 

9 

16 

103.0 

2 

9 

16 

90.6 

2 

9 

|  16 

76.0 

3 

10 

17 

121.8 

3 

10 

17 

76.5 

3 

10 

17 

71.2 

3 

10 

17 

64.5 

3 

10 

17 

59.5 

4 

11 

18 

119.0 

4 

11 

18 

93.5 

4 

11 

18 

82.0 

4 

11 

18 

72.7 

4 

11 

18 

60.5 

5 

12 

19 

120.0 

5... 

12 

19 

81.5 

5 

12 

19 

75.5 

5 

12 

19 

72.0 

5 

12 

19 

62.3 

6 

13 

20 

127.0 

6 

13 

20 

109.2 

6 

13 

20 

65.6 

6 

13 

20 

64.4 

6 

13 

20 

59.2 

7 

14 

22 

137.0 

7 

14 

22 

125.0 

7... 

14 

22 

114.2 

7 

14 

14 

22 

100.8 

7 

22 

72.2 

TABLE  4.— Time  Required  for  Oxidation  at  750°  C. 


Labora- 
tory No. 

Clay. 

Hours  re- 
quired to 
oxidize 
at  750"  C. 

Remarks. 

1 

English  ball  clay  No.  1 

11 

9V2 
8 

11 

zy2 
2v2 

2 

1 
1 
0 

IX 

2 
10 

8H 

0 

2 

7.4 

2 

3... 

English  ball  clay  No.  12 

4 

Do. 

5.. 

English  ball  clay  No.  90 

6 

7 

8... 

9 

10... 

Tennessee  ball  clay  No.  5 

Blue  ball  clay  No.  25 

Very  carbonaceous. 

11 

Little  carbonaceous  matter;  oxidizes  easily. 

12 

13 

Tennessee  ball  clay  No.  11 

Almost  free  from  material  requiring  oxidation. 

14 

15 

Slightly  carbonaceous;  oxidizes  easily. 

16 

17 

18 

19 

20 

22 

Tennessee  ball  clay  No.  3 

M.  &  M.  ball  clay 

Little  carbonaceous  matter. 

i8o  Technologic  Papers  of  the  Bureau  of  Standards. 

TABLE  5.— Percentage  Apparent  Porosity. 
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Labora- 
tory No. 


1 
2 

3 
4 

5 

o 
7 
8 
9 

30 

II 
12 

13 
14 
15 

16 

1' 
18 
19 

20 
22 


English  ball  clay  No.  1 

English  ball  clay  No.  2 

English  ball  clay  No.  12. . . 

" Whiteway"  ball  clay 

English  ball  clay  No.  90. . . 

Pikes  ball  clay 

Superior  ball  clay 

Kentucky  ball  clay  No.  4 . . 
Tennessee  ball  clay  No.  5 . 
Blue  ball  clay  No.  25 

Devon  ball  clay 

Tennessee  ball  clay  No.  11 

Dorset  ball  clay 

Kentucky  ball  clay  No.  10. 
English  ball  clay  No.  11... 

Fayles  ball  clay 

Grindley  ball  clay 

Great  Beam  ball  clay 

Kentucky  ball  clay  No.  9 . . 
Tennessee  ball  clay  No.  3 . 
M.  &  M.  ball  clav 


Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

01. 

2. 

4. 

6. 

8. 

10. 

14.3 

5.0 

0.3 

0.2 

0.2 

0.2 

26.2 

15.4 

7.7 

3.9 

3.9 

3.6 

12.3 

1.4 

1.5 

1.3 

1.7 

.4 

14.2 

11.6 

2.5 

.3 

.3 

.3 

7.7 

4.9 

1.2 

1.2 

1.0 

1.8 

12.2 

1.8 

1.5 

1.7 

2.0 

1.4 

18.3 

13.4 

6.5 

2.9 

2.7 

3.2 

32.1 

25.4 

18.7 

16.4 

12.4 

5.5 

32.4 

17.8 

13.7 

10.3 

2.3 

1.1 

3.0 

1.5 

1.3 

1.4 

.8 

.5 

12.5 

2.0 

.7 

.7 

1.1 

1.1 

35.0 

21.9 

16.0 

12.1 

8.5 

5.3 

5.0 

2.0 

1.8 

2.2 

1.9 

2.0 

25.5 

22.9 

22.2 

2a  o 

14.3 

11.7 

3.2 

1.5 

.7 

1.4 

1.3 

1.0 

1.8 

1.2 

.8 

2.0 

1.6 

.4 

10.5 

6.7 

3.5 

.4 

.7 

.5 

4.2 

1.0 

.7 

.7 

1.0 

.4 

27.0 

24.5 

20.1 

17.8 

14.3 

12.0 

24.0 

21.2 

17.6 

15.1 

6.4 

2.5 

13.4 

6.7 

1.2 

.8 

.5 

.2 

Cone 

12. 


0.4 

3.4 

.8 

.3 

1.3 

1.5 
3.1 
1.4 
1.4 
.5 

1.2 
3.0 
2.5 
6.8 
.6 

.6 
.8 
1.7 
7.2 
.7 
.6 


TABLE  6.— Percentage  Volume  Firing  Shrinkage. 


Labora- 
tory No. 


Clay. 


Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

01. 

2. 

4. 

6. 

8. 

10. 

30.3 

33.8 

35.7 

36.5 

37.0 

37.9 

33.5 

40.4 

41.3 

42.9 

43.5 

44.2 

32.3 

35.3 

35.9 

36.6 

36.9 

37.9 

24.0 

25.8 

27.0 

29.5 

30.4 

30.4 

34.4 

35.4 

37.1 

37.8 

37.9 

38.0 

28.4 

33.2 

33.9 

34.1 

34.4 

35.2 

31.2 

35.3 

36.4 

37.9 

38.8 

39.2 

16.9 

25.7 

31.8 

33.3 

35.2 

37.1 

22.0 

34.1 

36.0 

38.6 

40.2 

41.7 

33.7 

35.0 

36.0 

35.8 

36.5 

36.2 

35.5 

37.3 

38.6 

39.4 

39.3 

39.7 

17.6 

31.2 

33.4 

37.5 

39.4 

41.3 

31.8 

33.3 

33.8 

33.9 

34.5 

34.6 

17.0 

19.6 

20.3 

22.7 

26.3 

28.0 

33.0 

34.3 

35.1 

34.1 

33.9 

35.8 

33.6 

34.3 

34.4 

34.4 

35.2 

36.3 

32.1 

31.4 

33.4 

34.4 

36.6 

36.0 

36.9 

37.8 

38.7 

39.1 

39.9 

40.2 

20.9 

23.5 

27.8 

29.8 

31.4 

32.8 

29.3 

31.8 

35.2 

36.9 

39.6 

40.7 

31.8 

32.9 

35.0 

35.5 

37.3 

37.4 

Cone 

12. 


1 

2 

3 
4 
5 

6 
7 
8 
9 
10. 

11. 

12 
13 
14 
15 

16 
17 
18 

19 

20 
22 


English  ball  clay  No.  1 

English  ball  clay  No.  2 

English  ball  clay  No.  12... 

"Whiteway"  ball  clay 

English  ball  clay  No.  90 . . . 

Pikes  ball  clay 

Superior  ball  clay 

Kentucky  ball  clay  No.  4... 
Tennessee  ball  clay  No.  5 . 
Blue  ball  clay  No.  25 

Devon  ball  clay 

Tennessee  ball  clay  No.  11 

Dorset  ball  clay 

Kentucky  ball  clay  No.  10.. 
English  ball  clay  No.  11 .  - . 

Fayles  ball  clay 

Grindley  ball  clay 

Great  Beam  ball  clay 

Kentucky  ball  clay  No.  9. . 
Tennessee  ball  clay  No.  3 . 
M.  and  M.  ball  clay 


37.2 
44.9 
37.7 
30.2 
38.2 

35.3 
39.6 
39.5 
42.2 
35.7 

39.7 
42.1 
34.5 
30.0 
35.4 

35.8 
36.4 
39.9 
35.0 
42.8 
37.4 


Sort-weiii  American  and  English  Ball  Clays. 

TABLE  7. — True  Specific  Gravities  and  True  Porosities. 


I8l 


Labora- 
tory No. 


1 

2 
3 

4 
5 
6 

7 
8 
9 

10 

11 

12 

13 
14 
15 

16 
17 
18 

19 
20 
22 


Clay. 


English  ball  clay  No.  1 

English  ball  clay  No.  2 

English  ball  clay  No.  12. . . 

"Whiteway"  ball  clay 

English  ball  clay  No.  90. . . 
Pikes  ball  clay 

Superior  ball  clay 

Kentucky  ball  clay  No.  4. . 
Tennessee  ball  clay  No.  5. 

Blue  ball  clay  No.  25 

Devon  ball  clay 

Tennessee  ball  clay  No.  11 

Dorset  ball  clay 

Kentucky  ball  clay  No.  10. 
English  ball  clay  No.  11. . . 

Fayles  ball  clay 

Grindley  ball  clay 

Great  Beam  ball  clay 

Kentucky  ball  clay  No.  9. . 
Tennessee  ball  clay  No.  3. 
M.  &  M.  ball  clay 


APPf"     True 

specific  sP«cific 
gravity. 


gravity. 


2.393 
2.402 
2.108 
2.144 
2.296 
2.303 

2.267 
2.247 
2.324 
2.344 
2.413 
2.437 

2.276 
2.316 
2.450 
2.333 
2.222 
2.271 

2.462 
2.436 
2.458 

2.475 
2.506 
2.480 

2.472 
2.450 
2.480 
2.410 
2.436 
2.423 

2.421 
2.418 
2.220 
2.217 
2.297 
2.320 

2.518 
2.452 
2.388 
2.380 
2.247 
2.250 


2.565 
2.561 
2.573 
2.583 
2.572 
2.559 

2.531 
2.512 
2.571 
2.555 
2.596 
2.596 

2.572 
2.581 
2.625 
2.567 
2.639 
2.614 

2.589 
2.580 
2.582 
2.556 
2.651 
2.655 

2.589 
2.525 
2.660 
2.617 
2.599 
2.595 

2.590 
2.587 
2.535 
2.523 
2.  561 
2.550 

2.661 
2.625 
2.597 
2.590 
2.543 
2.525 


Open     Closed     Total 
pores  in  pores  in  porosity 


terms      terms 
oi  true    of  true 

clay         clay 
volume,  volume. 


in  terms 
of  true 

clay 
volume. 


0.2 
.5 
5.0 
4.2 
2.0 
.9 

.3 
.3 
1.1 
1.4 
2.2 
1.7 

3.2 
3.6 
15.1 
1.6 
2.8 
1.6 


.6 
1.2 
1.2 
9.8 
3.3 

2.1 
2.7 
17.6 
7.9 

1.4 
.7 

1.7 
.6 
.8 
.9 
1.1 
1.9 

17.6 
8.3 
7.4 

.8 
.6 
.6 


7.2 

6.6 
22.0 
20.4 
12.0 

11.1 

11.7 
11.7 
10.6 
8.9 
7.5 
6.5 

13.0 
11.5 
7.2 
10.0 
19.3 
15.1 

5.2 
5.8 
4.9 
3.2 
5.8 
7.0 

4.7 
3.0 
7.2 
8.6 

6.7 
7.0 

6.9 
6.9 
14.2 
13.7 
11.4 
9.8 

5.7 
7.0 
8.7 
8.7 
13.2 
12.2 


7.4 

7.1 
27.0 
24.6 
14.0 
12.0 

12.0 
12.0 
11.7 
10.2 
9.7 
8.2 

16.2 

15.1 
22.3 
11.6 
22.1 

16.7 

6.0 
6.4 
6.1 
4.4 
15.6 
10.6 

6.8 
5.7 
24.8 
16.5 
8.1 
7.7 

8.6 
7.5 
15.0 
14.6 
12.5 
11.7 

23.3 
15.3 
16.1 
9.5 
13.8 
12.8 
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TABLE  8.— Coloring  Effect  of  the  Clays  in  the  Standard  Body. 


Labora- 
tory No. 

Class. 

1 

2 

2 

1 

3 

1 

4 

3 

5 

2 

6 

2 

7 

2 

8 

2 

9 

1 

10 

3 

11 

2 

12 

1 

13 

3 

14 

3 

15 

3 

16 

3 

17 

3 

18 

1 

19 

1 

20 

2 

22 

2 

Name  ot  clay. 


Color  of  body. 


English  ball  clay  No.  1 

English  ball  clay  No.  2 

English  ball  clay  No.  12. . . . 

"Whiteway"  ball  clay 

English  ball  clay  No.  90. . . 

Pikes  ball  clay 

Superior  ball  clay 

Kentucky  ball  clay  No.  4. . 
Tennessee  ball  clay  No.  5. 
Blue  ball  clay  No.  25 

Devon  ball  clay 

Tennessee  ball  clay  No.  11 

Dorset  ball  clay 

Kentucky  ball  clay  No.  10. 
English  ball  clay  No.  11... 

Fayles  ball  clay 

Grindley  ball  clay 

Great  Beam  ball  clay 

Kentucky  ball  clay  No.  9. . 
Tennessee  ball  clay  No.  3. 
M.  &  M.  ball  clay 


Very  light  buff. 
White. 
Light  cream. 
Buff. 
Light  buff. 

Cream. 
Light  buff. 
Cream. 
Light  cream. 
Light  buff. 

Do. 

White. 
Buff. 

Light  buff. 
Buff. 

Do. 

Light  buff. 
White. 
Light  cream. 
Cream. 
Do. 


Washington,  July  18,  1922. 


LATHE  BREAKDOWN  TESTS    OF  SOME  HIGH-SPEED 

TOOL  STEELS. 

By  H.  J.  French  and  Jerome  Strauss. 


ABSTRACT. 

Modern  high-speed  tool  steels  are  classified  according  to  chemical  composition,  and 
the  present  general  tendencies  as  regards  proportions  of  those  elements  present  which 
may  be  classed  as  impurities  are  discussed.  These  data  are  based  on  analysis  of 
about  65  lots,  representing  approximately  40  brands,  produced  by  various  manu- 
facturers during  the  period  1919-1922. 

Comparative  lathe  cutting  tests  are  reported  for  about  25  brands,  representing 
various  type  compositions.  The  test  used  is  known  as  the  breakdown  test,  in  which 
the  endurance  of  tools  is  measured  under  fixed  working  conditions,  and  a  discussion 
of  the  behavior  of  the  different  groups  is  given  under  both  moderate  and  severe  service. 
Measurements  of  power  consumed  by  various  steels  in  severe  tests  are  likewise  reported. 
A  discussion  is  given  of  some  of  the  limitations  of  the  competitive  breakdown  test, 
and  recommendations  are  made  regarding  its  application. 
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I.  INTRODUCTION. 

Unlike  structural  steels,  which  are  generally  sold  within  definite 
limits  of  chemical  composition,  most  carbon  and  practically  all 
alloy  tool  steels  are  supplied  as  brands  or  under  trade  names. 
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There  are  some  advantages  to  this  system,  both  from  the  stand- 
point of  manufacturer  and  purchaser,  but  it  has  seriously  retarded 
general  dissemination  of  knowledge  concerning  different  types  and 
in  many  instances  has  been  responsible  for  erroneous  impressions 
regarding  their  properties  and  applications.  This  applies  generally 
to  tool  steels,  but  in  particular  to  that  important  class  termed 
"rapid"  or  "high-speed"  steels,  with  which  the  authors  are 
exclusively  concerned  in  this  report. 

It  has  long  been  recognized  that  high-grade  raw  materials,  good 
melting  practice,  and  great  care  in  fabrication,  all  based  on  an 
intimate  knowledge  of  the  product,  are  necessary  in  the  manufac- 
ture of  high-speed  tool  steels,  and  that  variations  in  the  many 
operations  involved,  which  are  closely  related  to  tool  performance, 
mav  readily  overshadow  the  effects  of  small  differences  in  chemical 
composition.  However,  this  condition  has  frequently  been  mis- 
represented, with  the  result  that  the  importance  of  chemical 
requirements  has  been  largely  disregarded  by  purchasers. 

In  quite  a  few  instances  large  consumers  have  selected  brands 
on  the  basis  of  performance  in  so-called  breakdown  tests  in  which 
the  endurance  of  tools  is  measured  under  fixed  working  conditions, 
though  the  selling  price  and  power  consumption  of  the  various 
steels  mav  be  introduced  in  any  comparisons  which  are  made. 
In  recent  years  tests  of  this  type  have  also  been  used  in  comparing 
the  performance  of  special  steels  or  in  determining  the  effects  of 
variations  in  heat  treatment,  despite  the  fact  that  Taylor  *  spe- 
cifically recommended  determining  the  cutting  speed  which  would 
produce  failure  in  20  minutes  under  otherwise  fixed  working  con- 
ditions and  described  at  great  length  the  reasons  for  following  such 
a  procedure. 

Comparison  of  the  breakdown  and  Taylor  tests  is  not  within  the 
scope  of  this  report.  The  former  is  accepted  because  it  has  found 
commercial  application,  and  a  portion  of  the  work  described  in 
subsequent  paragraphs  may  be  characterized  as  a  critical  survey 
of  this  method  of  test.  The  cutting  speeds,  feed,  depth  of  cut, 
and  general  test  conditions  approximated  those  used  in  a  number 
of  cases  for  the  purchase  of  large  quantities  of  steel. 

In  studying  the  results  first  obtained  marked  superiority  in 
performance  of  certain  types  of  steel  was  observed,  so  that  these 
alloys  are  first  grouped  according  to  chemical  composition,  and 
the  resulting  classification  is  used  in  discussion  of  results  of  the 

1  F.  W.  Taylor,  "On  the  art  of  cutting  metals,"  Trans.  Am.  Soc.  Mech.  Eng.;  1906. 
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lathe  cutting  tests.  It  is  based  upon  analysis  of  about  65  lots, 
representing  nearly  40  brands  produced  throughout  the  period 
1919-1922.2 

Five  sets  of  breakdown  tests  are  described.  The  first  three, 
which  were  carried  out  at  high  speed  with  heavy  cut  and  feed, 
cover  comparisons  of  about  25  brands  and  are  presented  to  show 
some  of  the  limitations  in  test  methods  which  have  been  used 
in  the  purchase  of  high-speed  tool  steels.  Test  series  No.  4  was 
carried  out  with  reduced  feed  in  order  to  ascertain  whether  the 
superior  endurance  observed  for  certain  groups  in  the  first  three 
sets  of  tests  was  maintained  under  more  moderate  working  con- 
ditions in  which  lower  frictional  temperatures  were  produced. 

The  expense  of  large  tool  tests,  time,  labor,  and  special  equip- 
ment required  made  it  desirable  to  carry  out  test  No.  5  to  deter- 
mine whether  comparable  results  could  be  obtained  with  small 
tools.  Results  of  fracture  tests,  microscopic  examination,  and 
secondarv  hardness  determinations  are  also  included  to  throw 
light  upon  the  quality  of  metal  tested  or  the  characteristics  of 
the  various  steels  under  heat  treatment. 

II.  PREVIOUS  INVESTIGATIONS. 

No  attempt  will  be  made  to  review  the  very  large  number  of 
publications  which  have  appeared  since  the  discovery  of  the 
unique  and  remarkable  properties  of  high-speed  tool  steels  and 
the  presentation  of  a  report  by  Taylor  and  White,3  which  has 
since  been  characterized  as  the  most  important  single  metallurgical 
contribution  made  in  the  United  States.  Much  of  this  more 
recent  information  does  not  have  a  very  direct  bearing  upon  the 
phases  which  will  be  considered,  while  results  of  cutting  tests  of 
different  brands  or  steels  which  have  appeared  from  time  to  time 
either  do  not  represent  the  best  of  the  current  types  or  are  not 
strictly  comparable  on  account  of  differences  in  material  cut, 
angles,  shape  and  size  of  tools,  etc.  Such  data  as  may  be  intro- 
duced to  advantage  will  be  referred  to  in  connection  with  the 
several  features  emphasized  in  subsequent  paragraphs,  but  no 
selected  list  of  references  is  appended,  as  a  fairly  complete  bibliog- 
raphy on  high-speed  tool  steels  has  been  prepared  by  one  of  the 
engineering  libraries  for  the  National  Research  Council  and  is 
now  in  preparation  for  publication. 

2  Approximately  one-third  of  all  analyses  was  made  by  H.  Bright,  Bureau  of  Standards,  one-third  by 
chemists  associated  with  one  of  the  authors,  and  the  remainder  collected  from  various  other  sources. 

3  See  footnote  i. 
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III.  CLASSIFICATION   OF  MODERN   HIGH-SPEED  TOOL 

STEELS. 

While  the  essential  alloying  elements  in  high-speed  tool  steels  are 
chromium  and  tungsten,  practically  all  brands  now  produced  in 
this  countrr  for  roughing  tools  contain  between  0.5  and  2.25  per 
cent  vanadium.  The  term  "  modern  "  high-speed  tool  steels,  there- 
fore, refers  to  chromium-tungsten- vanadium  steels  (which  may  or 
may  not  contain  additional  special  elements),  and  little  or  no 
attention  will  be  paid  to  the  very  few  brands  still  manufactured 
without  the  intentional  addition  of  vanadium,  particularly  as 
thev  are  inferior  in  performance  to  the  former  types. 

The  modern  steels  mav  be  grouped  under  five  headings,  as 
follows:  (1)  Low  tungsten  steels ;  (2)  medium  tungsten  steels;  (3) 
high  tungsten-low  vanadium  steels;  (4)  cobalt  steels;  (5)  steels 
containing  one  or  more  special  elements,  such  as  molybdenum  or 
uranium,  and  called  "special  steels." 

Their  relative  importance  from  the  standpoint  of  number  of 
brands  within  each  group  and  limits  of  chemical  composition  are 
indicated  in  Tables  1,  2,  and  3,  which  are  based  on  results  of 
analysis  of  one  or  more  lots  of  39  brands. 

About  half  of  these  are  of  the  third  type  or  so-called  high 
tungsten-low  vanadium  steels.  The  low  tungsten  type,  cobalt 
steels,  and  those  containing  special  elements  such  as  molybdenum 
or  uranium  are  about  equallv  represented,  but  together  do  not 
exceed  the  number  of  high  tungsten  steels.  A  medium  tungsten- 
low  vanadium  steel  is  regularly  manufactured  in  England,4  but 
evidentlv  a  similar  product  is  of  minor  importance  in  the  United 
States,  as  onlv  two  examples  were  found  in  the  samples  analyzed, 
and  one  of  these  contained  high  vanadium,  which  is  characteristic 
of  a  low  tungsten  steel.  In  addition,  different  lots  of  both  brands 
were  found  within  the  limits  of  classes  1  or  3  (Table  1),  so  that 
the  medium  tungsten  steels  may  be  considered  largely  as  '"off- 
heats  "  and  the  least  important  of  the  first  three  groups  comprising 
"basic  types." 

1.  COMPOSITIONS  OF  VARIOUS  TYPES. 

There  is  no  marked  difference  in  the  proportions  of  carbon,  man- 
ganese, silicon,  or  chromium  found  in  the  different  groups.  In 
fact,  the  average  values  for  carbon  and  chromium  shown  in  Table 
1  are  very  nearly  the  same  and  much  closer  than  might  ordinarily 

*  T.  H.  Xelson,  "Comparison  of  American  and  English  methods  of  producing  high-grade  crucible  steels," 
Raw  Material,  4,  No  12,  p.  424. 
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be  expected  from  any  such  survey  as  the  one  under  consideration. 
The  principal  differences  are,  therefore,  in  the  proportions  of 
tungsten  and  vanadium  present  and  whether  cobalt  or  some  such 
special  elements  as  molvbdenum  or  uranium  have  been  introduced. 

The  three  basic  types — referred  to  previously  as  the  low  tung- 
sten, medium  tungsten,  and  high  tungsten  varieties — are  often 
called,  respectively,  13,  15,  and  18  per  cent  tungsten  steels,  and 
examination  of  Table  1  will  show  that  these  values  are  practicallv 
identical  with  the  averages  obtained  in  the  present  survey.  The 
best  known  brands  of  the  first  type  contain  about  1.75  to  2.25  per 
cent  of  vanadium,  but  there  appears  to  be  a  second  group  in  which 
lower  proportions  of  this  element,  between  about  0.75  and  1.25  per 
cent,  are  found.  The  so-called  18  per  cent  tungsten  steels  usually 
contain  about  0.50  to  1.25  per  cent  of  vanadium. 

The  alloys  of  Group  4,  which  are  regularly  produced  by  a  number 
of  manufacturers  and  therefore  not  included  in  the  special  steels 
of  group  5 ,  may  be  subdivided  into  the  following :  (a)  Low  tungsten- 
low  cobalt  steels;  (b)  low  tungsten-high  cobalt  steels;  (c)  high 
tungsten-low  cobalt  steels;   (d)   high  tungsten-high  cobalt  steels. 

It  is  to  be  noted  that  these  steels  fall  naturallv  into  groups 
representing  basic  types  to  which  varying  proportions  of  cobalt, 
between  about  2  and  5  per  cent,  have  been  added.  However, 
the  vanadium  is  generally  found  to  be  near  the  average  values  or 
low  limits  shown  in  Table  1.  A  similar  subdivision  can  be  made 
for  the  special  steels  (Table  1)  containing  either  molvbdenum  or 
uranium,  but  since  for  the  most  part  thev  are  not  yet  of  very 
great  industrial  importance  and  can  in  some  cases  at  least  be 
characterized  as  experimental  heats,  no  additional  comments  con- 
cerning their  compositions  need  be  added. 

The  average  carbon  content  of  all  major  groups  is  between  0.65 
and  0.70  per  cent,  but  variations  ordinarilv  encountered  are 
between  0.55  and  0.75  per  cent.  At  times  even  higher  proportions 
of  carbon  are  found,  but  there  is  a  decided  tendency  to  keep  this 
element  above  the  specified  low  limit  (0.55  per  cent),  as  shown  in 
Table  4. 

There  appears  to  be  a  general  tendency  on  the  part  of  most 
manufacturers  to  keep  the  manganese  content  of  all  steels  below 
about  0.25  per  cent,  but  larger  proportions  are  frequentlv  found. 
This  element,  and  carbon  also,  tend  to  increase  the  hardness  of 
high-speed  tool  steels,  but  at  the  same  time  they  make  the  tools 
more  brittle.     It  was  for  this  reason  that  Taylor  recommended 
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the  manganese  content  be  limited  to  about  0.15  per  cent.  With 
respect  to  the  effect  of  silicon  in  high-speed  tool  steels  Taylor 
reported : 

The  statement  has  been  published  several  times  that  high  silicon  tended  toward 
higher  cutting  speeds  in  high-speed  tools.  In  developing  our  patent  we  experimented 
quite  thoroughly  with  this  element  and  arrived  at  the  conclusion  that  high  silicon 
tended  toward  slower  cutting  speeds,  particularly  when  cutting  the  harder  metals. 
In  our  patent,  therefore,  we  recommended  the  low  silicon,  0.15  per  cent. 

It  is  interesting  to  note  that  the  average  silicon  content  found 
in  66  lots  of  the  modern  steels  is  almost  twice  the  value  specified, 
and  that  a  fair  maximum  for  this  element  would  be  about  0.45 
per  cent,  although  one  brand  contained  as  much  as  0.8  per  cent. 

The  high  limits  of  phosphorus  and  sulphur  are  somewhat 
greater  in  these  allovs  than  those  ordinarily  specified  for  struc- 
tural steels  and  considerably  in  excess  of  proportions  usually 
present  in  tool  steels  other  than  high-speed.  Taylor  found  that 
high  phosphorus  and  sulphur  "were  much  less  injurious  to  high- 
speed tools  than  they  were  to  carbon  tools,"  but  claimed  they 
still  exerted  a  harmful  influence  and  because  of  the  high  cost  of 
production  for  the  former,  resulting  from  necessarily  large  addi- 
tions of  expensive  alloying  elements,  recommended  that  oniv 
irons  low  in  phosphorus  and  sulphur  be  used  in  their  manufacture. 

The  present  general  tendency  as  regards  chemical  composition 
seems  to  include  an  increase  in  the  permissible  proportions  of 
those  elements,  which  may  be  termed  "impurities,"  over  amounts 
originally  recommended  by  Taylor.  However,  certain  brands  will 
repeatedly  contain  higher  proportions  of  manganese,  silicon, 
phosphorus,  or  sulphur  than  others  of  the  same  type,  a  natural 
result  of  differences  in  raw  materials  and  mill  practice. 

As  previously  stated,  no  marked  differences  in  chromium  are 
observed  between  different  groups.  More  than  half  of  all  samples 
analyzed  contain  between  3  and  4  per  cent,  while  the  proportions 
present  in  over  85  per  cent  of  these  steels  is  between  3  and  4.5 
per  cent  (Table  5).  There  are,  of  course,  variations  outside  the 
specified  limits,  and  certain  brands  may  be  considered  to  contain 
somewhat  higher  or  lower  chromium  than  others,  but  the  majority 
of  steels  are  within  fairly  close  limits  with  respect  to  this  element. 
The  chromium  in  the  modern  steels  is  also  lower  than  that  in 
the  best  of  Taylor's  steels,  and  in  this  respect  both  English  and 
American  products  are  similar.  However,  the  latter  contain  gen- 
erally higher  vanadium,  as  is  shown  in  Table  6. 
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The  observed  uniformity  in  chemical  composition  of  steels  con- 
taining large  proportions  of  special  elements  is  worthy  of  atten- 
tion, as  is  also  the  fact  that  so  many  brands  produced  under 
widely  different  manufacturing  conditions  fall  into  such  few 
groups.  This  condition  must  be  considered  as  recognition  of 
the  importance  of  the  chemical  composition  of  high-speed  tool 
steels,  not  alone  as  a  single  class  within  general  limits,  but  from 
the  standpoint  of  the  different  types  in  this  class.  It  is  therefore 
patent  to  examine  the  results  of  cutting  tests  of  modern  steels 
with  the  view  to  comparing  types  as  well  as  brands,  and  both 
methods  will  be  used  in  interpretation  of  the  test  data  which 
follow. 

It  might  be  well  at  this  point  to  call  attention  to  the  fact  that 
metallurgists  have  often  taken  exception  to  the  classification  of 
commercial  high-speed  tool  steels  according  to  chemical  composi- 
tion, particularly  when  the  tungsten  content  is  made  the  basis 
of  division.  This  is  because  the  combined  effects  of  small  varia- 
tions in  the  other  elements  present  and  differences  in  methods  of 
production  or  treatment  might  affect  the  performance  to  as  great 
a  degree  as  changes  in  the  proportions  of  tungsten.  Despite 
such  variations  the  majority  of  steels  tested  showed  performance 
generally  characteristic  of  the  group  in  which  they  were  placed, 
so  that  the  chemical  classification  made  and  its  application  to 
discussion  of  the  cutting  tests  appears  justifiable. 

IV.  SEVERE  BREAKDOWN  TESTS  OF  1  BY  }  i  INCH  ROUGH- 
ING TYPE  OF  LATHE  TOOL. 

1.  DESCRIPTION  OF  TESTS. 

In  Tables  1 1  and  1 2  are  given  results  of  three  series  of  cutting 
tests  made  with  1  by  X  inch  lathe  tools  prepared  from  about  25 
brands,  and  these  are  grouped  according  to  the  type  compositions 
previously  described.  The  first  two  were  carried  out  in  different 
shops  with  slightly  different  tool  angles  and  cutting  speeds,  as 
shown  in  Table  7,  but  with  tools  made  from  the  same  bars  of  any 
single  brand.  Heat  treatments  used  in  both  series  were  carried 
out  at  one  time  with  the  same  equipment  and  operators  under 
the  instructions  of  the  manufacturers'  representatives. 

The  third  set  of  tests  consisted  of  some  of  the  tools  in  the  first 
series  after  they  had  been  thoroughly  annealed,  re-treated,  and 
ground,  together  with  tools  from  different  lots  of  the  same  brands 
or  types  not  originally  represented.     Annealing  was  carried  out 
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by  heating  to  1,550°  F.  and  slowly  cooling  in  a  furnance  to  room 
temperature,  while  the  final  heat  treatments  were  not  necessarily 
those  recommended  bv  the  manufacturer  but  were  chosen  with  the 
idea  of  obtaining  the  best  tool  performance  for  each  type.  These 
treatments  were  carried  out  by  different  operators  in  two  shops 
which  had  not  participated  in  tests  Nos.  1  and  2.  Thus  the  three 
sets  of  tests  should  furnish  a  definite  idea  regarding  the  possibility 
of  reproducing  results  in  a  severe  breakdown  test  with  roughing 
tools,  particularly  with  respect  to  brand  or  type  comparisons. 

(a)  Tool  Form. — The  form  of  tool  selected  for  all  tests  was 
that  known  as  Sellers  Xo.  30  and  is  commonly  employed  for  heavy 
duty  roughing  work.  Its  angles  are  6°  clearance,  8°  back  slope, 
and  14°  side  slope,  while  the  radius  of  the  nose  was  made^6-  inch. 
The  edge  of  the  tool  between  this  arc  and  its  full  width  was  straight 
and  met  the  surface  of  the  bar  about  1  inch  from  the  end.  This  form 
was  adhered  to  in  tests  Nos.  2  and  3,  but  in  test  No.  1  the  angles 
were  accidentlv  modified  to  6°  clearance,  ~}4°  back  slope,  and  12° 
side  slope. 

(b)  Heat  Treatment. — After  grinding  roughly  to  the  described 
form  the  tools  were  warmed  on  top  or  in  front  of  the  preheating 
furnance  to  about  300°  F.,  preheated  in  semimuffle  or  muffle  type 
furnaces,  subsequently  heated  to  the  quenching  temperature,  and 
quenched  in  either  sperm  or  Houghton's  No.  2  soluble  quenching 
oil.  They  were  then  tempered  at  temperatures  shown  in  Tables 
1 1  and  12. 

The  tools  were  next  carefully  ground  wet  in  an  automatic 
machine  in  order  that  they  would  all  be  of  the  same  form.  In 
addition  to  grinding,  the  nose,  top,  and  bottom  surfaces  were 
ground  on  those  tools  tested  in  the  third  series.  This  was  made 
necessary  on  account  of  slight  distortion,  which  resulted  from 
hardening  the  entire  length,  so  that  both  ends  of  each  bar  could 
be  tested  instead  of  heating  only  one  end,  as  was  the  case  with 
tools  used  in  tests  Nos.  1  and  2. 

High  heat  furnace  temperatures  were  controlled  by  platinum 
thermocouples  connected  to  potentiometers,  while  base  metal 
couples  and  either  direct-reading  galvanometers  calibrated  just 
prior  to  test  or  potentiometers  were  used  in  maintaining  pre- 
heating and  tempering  temperatures.  For  the  few  tools  subjected 
to  vers'  low- temperature  tempering  calibrated  thermometers  were 
used.  Preheating  was  carried  out  in  semimuffle  type  furnaces, 
except  for  a  few  tools  used  in  test  No.  3,  when  electrically  heated 
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muffles  were  used.  The  time  for  which  tools  were  held  in  the  high- 
heat  furnace  was  carefully  controlled  in  all  cases.  The  relatively 
large  variations  and  generally  longer  periods  in  test  Xo.  3  were 
due  principallv  to  the  use  of  several  furnaces  of  varying  size  and 
construction  necessitated  by  breakdown  of  the  first  unit. 

The  ' '  sweating  operation ' '  in  the  hardening  of  high-speed  tool 
steels  is  a  most  important  feature,  and  the  rapidity  with  which  the 
desired  effect  can  be  produced  for  steel  of  nearly  constant  mass 
depends  largely  on  the  heating  units.  If  the  steel  is  held  too  long 
at  high  temperatures  in  the  neighborhood  of  or  above  2,400°  F. 
excessive  oxidation  and  considerable  decarburization  result,  and, 
in  addition,  the  metal  becomes  "  mushy,"  so  that  it  readily  breaks 
when  squeezed  by  tongs  (Fig.  1).  The  time  for  which  tools  were 
held  in  the  high-heat  furnace  was  therefore  longer  in  those  cases 
in  which  units  of  relatively  small  thermal  capacity  were  employed, 


Fig.  1. — Partially  melted  tool  left  too  long  in  the  high  heat  furnace  at  2,413°  F. 
Tool  broke  where  held  by  tongs  in  attempting  removal  from  furnace. 

but  in  making  use  of  any  furnace  preliminary  tests  were  first 
made  to  determine  what  was  considered  to  be  the  proper  time  of 
heating.  For  tests  Nos.  i  and  2  oil-fired  semimuftle  furnaces 
were  emploved,  while  a  similar  type  heated  by  gas  or  a  carbon 
plate  resistance  furnace  was  used  in  hardening  tools  tested  in  the 
third  series. 

(c)  Test  Procedure. — Heavy  duty  motor-driven  engine  lathes 
of  a  capacitv  somewhat  in  excess  of  that  actually  required  for  the 
work  to  be  performed  were  used  in  all  tests.  That  employed  in 
tests  Nos.  1  and  3  is  shown  in  Figure  2.  Speed  control  of  the  motor 
was  such  as  to  permit  obtaining  the  desired  surface  speed  of  the 
test  log  within  about  +  5  and  -o  per  cent  and  all  tests  were  run 
dry.  The  tools  varied  in  length  from  8  to  1 1  inches,  and  the 
holder  in  which  they  were  used  was  15  inches  long.  This  con- 
sisted of  two  carefully  machined  U-shaped  sections  with  the  bottom 
of  the  groove  square,  ||  inch  wide,  and  f  s  inch  deep.  One  section 
was  placed  above  and  the  other  below  the  tool,  and  both  were 
held  in  alignment  by  two  dowel  pins  at  each  end.     The  holder 
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with  the  tool  in  place  was  clamped  in  the  four-bolt  tool  post  shown 
in  Figure  2. 

Catting  was  done  on  test  logs  of  about  15  inches  diameter  and 
S  feet  long,  of  forged  and  heat  treated  3  per  cent  nickel  steel, 
such  as  is  in  wide  commercial  use  for  heavy  forgings.  One  to  two 
inches  were  removed  from  the  diameter  after  heat  treatment,  and 
testing  was  stopped  when  the  log  had  been  cut  down  to  8  inches. 
The  chemical  and  phvsical  characteristics  of  these  forgings  are 
shown  in  Table  8. 

It  will  be  noted  that  the  test  logs  used  in  the  three  series  of 
tests  are  quite  similar  and  uniform  throughout,  as  far  as  may  be 
judged  by  the  tensile  properties  and  hardness.  Without  doubt, 
however,  variations  in  machinabilitv  exist,  so  that  one  tool  of 
each  brand  was  tested  before  the  second  tools  were  used.  The 
latter  were  then  tested  in  order  before  the  third  tool  of  each  brand 
was  tried.  Such  regulation  of  the  sequence  of  testing  almost 
certainlv  renders  physical  variations  in  the  test  logs  negligible 
in  their  effect  upon  results  obtained.  At  least  this  procedure  goes 
as  far  toward  obtaining  uniformity  in  large  masses  of  metal  as  can 
reasonablv  be  expected.  The  feed  used  in  all  tests  was  0.045 
inch  per  revolution  and  the  depth  of  cut  t&  inch.  The  desired 
cutting  speed,  determined  on  the  bottom  of  cut,  was  67  feet  per 
minute  in  test  Xo.  1,  61  feet  per  minute  in  Xo.  2,  and  60  feet  per 
minute  in  test  Xo.  3  (see  Table  7). 

Before  starting  anv  test  great  care  was  taken  to  remove  the 
glazed  surface  of  the  log  remaining  after  the  breakdown  of  the 
previous  tool  and  also  any  particles  of  the  tool  which  may  have 
been  ground  into  the  surface  of  the  metal  being  cut.  The  tool  to 
be  tested  was  then  forced  against  one  side  of  the  U-shaped  grooves 
in  the  holder  and  set  to  project  beyond  the  end  of  it  by  34  inch. 
The  holder  was  next  clamped  in  the  tool  post,  so  that  the  side  of 
the  tool  was  at  right  angles  to  the  log  surface,  the  top  level,  and 
the  end  of  the  nose  on  dead  center.  After  adjusting  the  speed  of 
the  lathe  to  give  the  desired  surface  speed  to  the  log  the  tool  was 
fed  in  by  hand  (having  previously  been  adjusted  to  proper  depth) 
until  it  took  a  full  cut,  the  automatic  feed  was  then  thrown  in, 
and  the  time  observed.  Breakdown  was  sharp  in  all  cases  and 
left  no  doubt  as  to  the  time  of  any  run.  The  tools  of  the  first  set 
were  tested  on  logs  1  and  2,  those  of  the  second  on  log  3,  and 
those  of  the  third  on  lo?  2. 
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2.  DISCUSSION  OF  RESULTS. 

(a)  Brand  Comparisons. — A  number  of  interesting  and  in- 
structive features  are  revealed  in  the  results  of  these  tests.  The 
average  time  that  tools  of  any  one  brand  will  cut  is  greater  in  some 
instances  after  the  first  grind  than  the  regrind.  For  certain 
brands  the  reverse  is  found  to  be  true,  while  the  two  averages 
obtained  are  often  practically  the  same,  but  none  of  these  three 
conditions  can  be  considered  characteristic  of  any  one  type  of 
steel. 

Large  differences  are  observed  in  performance  of  individual  tools 
made  from  one  bar  of  steel  or  in  testing  both  ends  of  a  short  tool 
which  has  been  hardened  over  its  entire  length  (Table  12).  It  is 
therefore  necessarv  to  test  a  relatively  large  number  of  tools  and 
also  to  repeat  the  test  after  they  have  been  reground  at  least 
once  if  results  or  comparisons  of  value  are  to  be  obtained. 

Various  brands  in  the  same  group  show  differences  in  perform- 
ance which  can  not  be  ascribed  solely  to  variations  in  chemical 
composition  or  heat  treatment  (for  example,  steels  J  and  O) ,  but 
in  most  cases  comparable  results  were  obtained.  However,  the 
order  of  value  of  different  brands  of  nearly  similar  performance 
may  be  entirely  changed  by  a  modification  in  test,  as  shown  in 
Table  9,  or  by  substitution  of  tools  from  several  lots  of  the  same 
steels  for  those  originally  tested,  and  it  is  therefore  necessary  to 
use  care  in  making  comparisons.  Severe  breakdown  tests,  such  as 
those  described,  will  show  markedly  inferior  tools,  whether  this 
inferioritv  is  due  to  the  quality  of  the  steel,  improper  heat  treat- 
ment, a  combination  of  these  or  other  causes,  but  the  grading  of 
brands  of  nearlv  similar  performance,  often  made  use  of  in  the 
purchase  of  high-speed  tool  steels,  is  not  justified  and  if  made  is  of 
no  value.  This  distinction  in  interpretation  of  results  has  usually 
been  overlooked,  or  at  least  not  sufficiently  emphasized  by  those 
who  have  carried  out  and  made  use  of  comparative  tests  of  a  simi- 
lar nature. 

(b)  Group  Comparisons. — In  group  comparisons  similar  pre- 
cautions are  to  be  observed,  but  some  significant  variations  in  the 
performance  of  different  types  are  evident,  as  shown  in  Table  10,  in 
which  the  highest  average  endurance  in  each  of  the  three  series  of 
lathe  tests  is  rated  as  100  per  cent  and  the  remaining  groups  given 
their  respective  valuations.  There  is  no  doubt  that  the  low  tung- 
sten-high vanadium  and  cobalt  steels  as  groups  are  the  best.  An 
attempt  to  differentiate  between  these,  based  on  the  results  ob- 
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tained,  would  be  of  little  value,  as  their  relative  positions  vary  in 
the   several  tests  without  very  marked  differences  in  performance. 

Medium  and  high  tungsten  steels  and  those  containing  molvb- 
denum  or  uranium  show  comparable  endurance  which  mav  be 
rated  as  roughlv  60  per  cent  of  that  of  the  low  tungsten-high  vana- 
dium steels.  A  tungstenless  high-speed  tool  steel  introduced  for 
comparative  purposes  has  a  rating  of  approximately  30  per  cent. 

The  relativelv  poor  showing  of  the  high  tungsten  steels  is  signifi- 
cant, especiallv  since  thev  represent  the  most  popular  type  now 
manufactured  in  this  countrv.  Many  of  those  tested  are  well- 
known  brands  produced  by  manufacturers  who  are  known  to  take 
all  reasonable  precautions  to  insure  the  qualitv  of  their  product, 
so  that  the  observed  inferiority  would  not  naturally  be  ascribed 
to  generally  poor  quality  of  steel,  but  rather  to  the  fact  that  the 
average  endurance  of  this  group  is  less  than  that  of  the  low  tung- 
sten-high vanadium  steels,  or  that  the  heat  treatments  employed 
were  not  the  best  that  could  be  used.  Probably  both  are  contribu- 
tary  causes. 

The  fact  that  steels  containing  one-fourth  per  cent  uranium  did 
not  develop  exceptional  performance  is  in  agreement  with  results 
obtained  bv  Langhammer 5  under  entirely  different  and  more 
moderate  working  conditions  and  likewise  with  the  opinion  held 
by  Mathews,6  who  recently  stated  that  "so  far  as  our  experience 
goes  we  have  been  unable  to  see  that  it  (uranium)  confers  any 
specific  benefit." 

An  interesting  feature  developed  in  the  first  two  sets  of  tests  is 
that  a  change  in  working  conditions,  including  small  variations  in 
tool  angles  but  mainly  a  decrease  in  cutting  speed  from  67  to  61 
feet  per  minute,  produced  a  much  larger  increase  in  the  average 
endurance  of  steels  containing  cobalt  or  special  elements  than  in 
the  plain  chromium-tungsten-vanadium  steels  (basic  tvpesj.  In 
this  respect  the  cobalt  steels  show  greater  variation  than  those 
containing  molybdenum  or  uranium,  and  in  one  case,  that  of 
brand  S,  as  much  as  about  90  per  cent  increase. 

(c)  Character  of  Chips  Produced  and  Failure  of  the 
Tools. — Some  quite  definite  and  more  or  less  regular  variations 
in  the  character  of  chips  produced  during  progress  of  the  lathe 
tests  were  observed.  Almost  without  exception  a  long  "ribbon" 
of  steel  was  obtained  at  the  start.     The  first  break  would,   of 

5  A.  J.  Langhammer,  "A  comparative  test  upon  high-speed  steels,"  Chem.  and  Met.  Eng.,  22,  pp.  829, 
889,  939,  and  969. 

6  J.  A.  Mathews,  •'Modern  high-speed  steel,"  Proc.  Am.  Soc.  Test.  Mat.,  19,  part  2,  p.  141. 
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course,  be  largely  dependent  upon  the  character  of  support  ac- 
corded the  metal  in  its  unguided  travel,  but  if  held  by  tongs  and 
pulled  away  from  the  test  lathe  an  unbroken  metal  strip,  often 
several  hundred  feet  long,  resulted  (Fig.  3).  Shorter  and  shorter 
chips  were  produced  as  the  tool  continued  to  cut,  and  these 
varied  in  length  from  about  half  a  foot  at  the  beginning  of  what 
may  be  called  the  second  stage  to  a  fraction  of  an  inch  just  before 


Fig.  3. — Typical  "ribbon"  of  metal  often  obtained  at  the 
beginning  of  cut  in  severe  breakdown  test,  when  suitably 
supported  and  guided  away  from  test  lathe. 

Ribbon  shown  is  approximately  300  feet  long  with  a  cross  section 
of  x$  by  0.045  inch  which  was  produced  at  60  feet  per  minute.     The 
several   broken   ends    shown     resulted  from    coiling   prepar,, 
to  taking  the  photograph. 

failure.  These  characteristics  were  so  generally  representative 
that  thev  became  a  rough  indication  of  the  quality  of  the  tool 
soon  after  the  beginning  of  the  cut. 

Progressive  decrease  in  length  of  chips  is  undoubtedly  largely 
caused  bv  a  gradual  change  in  the  most  effective  portion  of  the 
top  surface  of  the  tool,  resulting  from  abrasive  action  of  the  metal 
being  cut.  A  groove  or  "gutter"  is  worn'  near  the  nose  and 
forces  the  chip  to  curl  more  and  more  sharply  as  the  wear  increases, 
and  because  of  the  cyclic  variation  in  pressure  7  and  the  fact  that 

'  See  footnote  1  with  particular  reference  to  data  given  in  folder  12. 
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the  chip  is  already  highly  stressed  the  ribbon  breaks  into  small 
sections  instead  of  passing  freely  oyer  the  tool  at  approximately 
its  original  top  angles.  The  wear  on  the  entering  side  near  the 
nose  is  also  an  important  contributing  factor  particularly  near 
the  end  of  the  cut,  and  both  effects  are  shown  in  Figure  4. 

Breakdown  is  concommitant  with  the  production  of  a  "glaze" 
on  the  test  log  (Fig.  5).  At  the  moment  of  failure,  which  generally 
occurs  suddenly,  the  dimensions  of  the  chip  decrease  both  in  direc- 
tion of  the  feed  and  depth  of  cut.  This  is  probably  caused  by 
"springing"  of  the  tool  in  the  holder  and  is  due  to  greatly  in- 
creased pressure  in  all  directions  resulting  from  the  "dulling"  or 
rubbing  away  of  the  nose.  If  the  tool  is  withdrawn  from  the 
test  log  at  the  first  signs  of  failure,  the  last  thin  chip  produced 


Fig.  4. — Typical  failures  of  roughing  lathe  tools  in  severe 
breakdown  tests,  X  about  %. 

Xote  the  rubbing  off  of  the  nose  and  "gutter"  or  groove  worn  on 
the  top  surface  of  the  tools. 

will  often  "freeze"  to  the  nose,  as  shown  in  Figure  6,  thus  giving 
concrete  qualitative  evidence  of  the  high  pressure  and  temperature 
existing  at  the  moment. 

(d)  Power  Consumption. — Thus  far  discussion  of  test  results 
and  comparisons  have  been  on  the  basis  of  the  time  required  to 
produce  failure  in  tools  working  under  definite  cutting  speeds, 
feeds,  depth  of  cut,  etc.  Certain  groups  were  shown  to  have  re- 
peatedly better  performance  than  others,  despite  certain  small 
but  definite  changes  in  test  conditions,  but  the  question  which 
almost  immediately  arises  is  whether  or  not  more  power  is  con- 
sumed by  any  one  set  of  steels  oyer  others  in  cutting  metal  at  a 
giyen  rate  for  equal  times.  Electric  power  is  measured  in  kilo- 
watt hours  and  that  consumed  in  equal  time  intervals  is  propor- 
tional to  the  average  kilowatts  (energy)  during  the  interval, 
11511°— 23 3 


198  Technologic  Papers  of  the  Bureau  of  Standards.         [Voi.17 

which  are  derived  from  ammeter  and  voltmeter  readings  or  shown 
bv  wattmeters. 

The  values  given  in  Table  13  for  tools  used  in  test  No.  1  show- 
that  the  power  consumed  by  various  brands  and  groups  is  prac- 


Fig.  5. — Failure  of  a  tool  under  test. 
Shows  "glaze"  produced  under  test. 

ticallv  the  same  in  all  cases.  Differences  observed  between  indi- 
vidual tools  are  often  greater  than  variations  between  different 
brands,  but  are  not  large  and  can  not  be  considered  to  have  any 


Fig.  6. — "Freezing"  of  the  last  thin  chip  to  the  nose  of  tool. 

special  significance.  Thus,  the  various  types  of  high-speed  tool 
steels  remove  the  same  amounts  of  metal  at  equal  rates  with 
practicallv  the  same  power  consumption,  but  some  have  greater 
endurance  than  others. 


French]  Cutting  Tests  of  High-Speed  Steels.  199 

V.  MODERATE    BREAKDOWN   TESTS    OF   1   BY  }'>  INCH 
ROUGHING  TYPE  OF  LATHE  TOOL. 

It  was  pointed  out  at  the  beginning  of  this  report  that  high 
tungsten-low  vanadium  high-speed  tool  steels  are  the  most  pop- 
ular type  produced  at  the  present  time,  and  subsequently  it  was 
shown  that  the  endurance  of  this  group  in  certain  severe  break- 
down tests  was  generally  much  less  than  that  of  the  cobalt  or  low 
tungsten-high  vanadium  steels. 

While  the  conditions  under  which  these  tests  were  made  mav 
represent  those  obtaining  in  actual  practice,  it  is  true  that  a  large 
part  of  the  work  for  which  high-speed  tool  steels  are  used  in  various 
shops  is  carried  out  under  more  moderate  working  conditions 
which  do  not  produce  the  high  frictional  temperatures  obtained 
in  the  authors'  tests.  It  is  therefore  patent  to  compare  the  various 
groups  when  subjected  to  more  moderate  service. 

Four  tools  to  represent  each  of  the  three  most  important  groups 
were  chosen  from  the  various  brands  used  in  test  No.  3,  as  shown 
in  Table  14.  In  this  selection  of  tools  alreadv  tested  an  effort  was 
made  to  obtain  groups  of  four  or  live  having  nearlv  the  same 
average  performances  as  those  obtained  in  the  third  set  of  tests. 
All  tools  were  ground  to  form  in  exactly  the  same  manner  as  in 
the  previous  experiments,  and  the  tests  carried  out  represent  the 
third  and  fourth  grinds.  They  were  made  with  the  same  test 
log,  tool  angles,  cutting  speed,  and  depth  of  cut,  but  with  approxi- 
mately three-quarters  of  the  feed  used  in  test  No.  3. 

The  relatively  poor  endurance  of  the  high  tungsten-low  vana- 
dium steels  in  the  severe  tests  is  not  observed  under  the  more 
moderate  conditions  of  service  in  test  No.  4,  a  feature  which 
assists  in  explaining  the  popularity  of  the  high  tungsten  tvpe  for 
general  roughing  work.  However,  insufficient  tests  have  been 
made  to  determine  whether  the  performance  of  the  high  tungsten 
steels  is  equal  or  better  than  that  of  the  low  tungsten-high  vana- 
dium type  under  the  working  conditions  used. 

VI.  LATHE  TESTS  OF  SMALL  TOOLS. 

Breakdown  tests  of  large  tools,  such  as  have  been  described  in 
previous  sections  of  this  report,  are  very  expensive  to  make  be- 
cause they  require  large  masses  of  uniform  metal  to  be  cut,  heavv 
equipment,  and  considerable  time.  The  limitations  in  interpre- 
tation of  data  obtained,  as  alreadv  described,  make  it  questionable 
whether   information   derived   from   repeating   this   type   of   test 
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with  various  steels  is  commensurate  with  the  cost  (except  in 
special  instances),  especially  since  comparable  performance  is 
observed  in  the  majority  of  steels  in  any  one  group.  At  least  the 
variation  in  performance  of  the  various  steels  (with  some  excep- 
tions) is  not  more  than  would  be  expected  from  different  lots  of 
the  same  brand  supplied  throughout  a  period  of  several  months. 
If  as  much  information  or  satisfactory  comparisons  could  be 
obtained  with  smaller  tools,  the  cost  of  tests  would  be  materially 
reduced. 

Accordingly,  one  large  tool  from  each  of  the  low  tungsten, 
high  tungsten,  and  cobalt  groups  was  annealed,  cut  into  smaller 
tools,  heat  treated,  ground,  and  tested  in  a  manner  similar  to  that 
already  described  for  the  large  tools.  The  dimensions  of  tool 
chosen  were  half  those  used  in  the  first  four  sets  of  tests — namely, 
H  bv  %  inch — and  the  radius  of  the  nose  was  made  -^  inch 
instead  of  -^  inch.  Tool  angles,  speed,  feed,  and  depth  of  cut 
were  exactly  the  same  as  those  used  in  test  No.  4,  as  was  also 
the  test  log.  On  account  of  the  sharper  nose  required  in  the 
small  tools  and  their  size  these  test  conditions,  which  were  con- 
sidered to  be  only  moderately  severe  in  the  case  of  the  large 
tools,  may  be  considered  as  somewhat  more  so  for  the  small  tools, 
but  probably  not  equivalent  to  the  severe  working  conditions 
obtaining  in  the  first  three  sets  of  tests.  Results  obtained  are 
given  in  Table  15. 

As  in  the  severe  tests  of  large  tools  the  low  tungsten-high  vana- 
dium steel  has  better  endurance  than  the  high  tungsten  type, 
but  there  is  not  such  a  large  difference  in  performance  as  was 
observed  in  the  large  tool  tests.  The  magnitude  of  the  observed 
effects  can  not  be  compared,  as  the  change  in  size  of  tools  is  not 
the  only  variable  introduced.  The  important  feature  is  that  the 
small  tool  tests,  carried  out  under  severe  working  conditions, 
once  more  show  superiority  of  the  low  tungsten-high  vanadium 
steel.  The  heat  treatment  of  the  high  tungsten-cobalt  steel  was 
inadvertently  changed  and  a  low  hardening  temperature  used 
which  without  doubt  accounts  for  the  relatively  poor  performance 
of  this  steel.  It  will  also  be  noted  that  the  variations  in  the 
performance  of  individual  tools  is,  in  general,  no  greater  when 
testing  the  small  tool  bits  than  when  using  the  large  tools.  How- 
ever, the  same  precautions  in  making  tests  and  in  interpretation 
of  results  must  be  observed  in  both  cases.  The  results  obtained, 
therefore,  indicate  that  when  small  tool  tests  are  carefully  carried 
out  the  sensitivity  is  such  as  to  yield  results  of  some  value. 
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A  most  interesting  feature  is  revealed  in  comparison  of  the  per- 
formance of  J2  by  %  inch  and  1  by  lA  inch  tools  when  removing 
metal  from  the  same  test  log  under  the  same  cutting  speed, 
feed,  depth  of  cut,  etc.  With  the  exception  of  the  %  by  %  inch 
tools  prepared  from  the  cobalt  steel,  which  were  hardened  at  a  low 
temperature,  the  small  tools  removed  more  metal  than  the  large 
ones  before  failure. 

There  are  a  number  of  variables  in  the  two  sets  of  tests  which, 
as  previouslv  mentioned,  make  inadvisable  detailed  comparisons 
of  the  values  reported,  but  it  is  doubtful  whether  any  of  the 
readilv  recognizable  differences  in  these  two  sets  of  tests  ade- 
quately account  for  this  result,  and  the  authors  do  not  at  the 
present  time  offer  any  explanation. 

VII.  MISCELLANEOUS  TESTS. 
1.  SECONDARY  HARDNESS  AND  HEAT  TREATMENT. 

Examination  of  Table  11,  in  which  are  given  the  heart  treat- 
ments recommended  by  different  manufacturers,  shows  that  these 
vary  widely  for  brands  of  the  same  type  composition.  High-heat 
furnace  temperatures  from  2,300  to  2,500°  F.  and  tempering  tem- 
peratures between  450  and  i,ioo°  F.  are  found  and  indicate  that 
there  is  not  yet  complete  agreement  as  to  the  most  suitable  treat- 
ments to  use  under  given  working  conditions. 

The  lathe  tests  made  were  primarily  comparisons  of  brands  or 
groups  of  steel,  and  it  is  therefore  not  possible  to  consider  in 
detail  the  effects  of  variations  in  heat  treatment  upon  the  per- 
formance of  different  type  compositions.  However,  certain  indi- 
cations were  obtained  which  made  it  desirable  to  carry  out  such 
special  tests  as  determinations  of  secondary  hardness,  character  of 
fracture,  etc.,  and  the  results  are  summarized  in  the  following 
paragraphs : 

1 .  High  tungsten  steels  withstand  high  hardening  temperatures 
of  approximately  2,400°  F.  better  than  do  the  medium  or  low 
tungsten  steels.  An  indication  of  this  difference  is  given  by 
Groups  B  and  C,  Figure  7,  in  which  is  shown  the  surface  condition 
of  many  of  the  tools  used  in  test  No.  3. 

2.  Low  tungsten-high  vanadium  steels  are  more  sensitive  to 
heat  treatment,  especially  with  respect  to  variations  in  hardening 
temperatures  between  2,150  and  2,400°  F.,  than  the  high  tungsten- 
low  vanadium  type.  This  is  shown  by  the  more  rapid  coarsening 
of  structure  observed  in  examination  of  fractures  and  by  varia- 
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tions  in  hardness  under  varying  treatments  (Figs.  8  to  12,  inclu- 
sive). Not  only  are  the  latter  changes  smaller  in  the  high  tung- 
sten steels  for  variations  in  hardening  temperatures  but  they  are 
also  less  for  changes  in  tempering.      However,   the  addition  of 


cobalt  to  low  tungsten  steels  appears  to  produce  a  more  stable 
product. 

This  does  not  mean  that  a  given  change  in  high  heat  tempera- 
ture, for  example,  will  affect  the  performance  of  low  tungsten 
steels  to  a  greater  degree  than  that  of  the  high  tungsten-low 
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vanadium  type.  This  might,  however,  be  true  under  certain 
working  conditions.  The  probable  relation  existing  between  heat 
treatment,  hardness,  and  cutting  qualities  of  high-speed  tool  steels 
has  recently  been  summarized  in  a  very  clear  and  concise  manner 
by  Mathews,8  as  follows: 

The  lower  the  temperature  at  which  the  initial  hardening  is  done  the  lower  will  be 
the  temperature  at  which  the  rehardening  occurs  on  tempering,  and  presumably  the 
sooner  a  tool  so  treated  would  fail  in  severe  cutting  where  the  frictional  temperature 


300  4eo  »o 

Tampering  Temperature  -  Beg.  C 

Fig.  8. — Rehardening   upon  tempering  of  low  tungsten-high  vanadium  high-speed  tool 
steel,  first  oil  quenched  J  rom  various  temperatures. 

was  high.  When  the  temperature  in  cutting  is  not  extremely  high,  we  can  not  con- 
clude that  the  steel  would  fail  sooner  than  one  with  a  higher  rehardening  temperature. 
In  such  cases,  in  my  opinion,  physical  or  mineralogical  hardness  plays  an  important 
part  as  distinguished  from  red  hardness,  but  where  the  cutting  conditions  are  severe 
it  would  appear  logical  that  the  higher  the  temperature  of  red  hardening  the  longer 
the  endurance  of  the  tools. 

Thus  the  various  tvpes  of  steel  which  showed  marked  differ- 
ences in  performance  in  severe  service  likewise  show  differences  in 
their  behavior  under  heat  treatment  and  in  physical  properties 
which  probably  are  of  importance  under  more  moderate  working 
conditions. 


8  See  footnote  6. 
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2.  MICROSCOPIC  EXAMINATION  AND  FRACTURES. 

Mention  has  already  been  made  of  large  differences  in  perform- 
ance of  tools  made  from  the  same  bar  of  steel.  While  the  reasons 
are  often  obscure  on  account  of  the  large  number  of  variables 
readily  introduced  into  breakdown  tests,  it  is  frequently  possible 
to  pick  out  the  principal  causes  by  use  of  the  microscope  and 
examination  of  fractures.  A  few  illustrations  taken  from  tools 
used  in  the  cutting  tests  previously  described  are  contained  in 
Figures  13  to  17,  inclusive. 
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Fig.   9. — Rehardening  upon  tempering  of  medium  tungsten  high-speed  tool  steel,  first 
oil  quenched  from  various  temperatures. 

The  appearance  of  fractures  and  structures  may  be  very  different 
for  steels  of  similar  chemical  composition  subjected  to  the  same 
heat  treatments,  whether  comparisons  are  made  between  tools 
from  the  same  bar  of  steel  or  from  different  lots  or  brands.  For 
example,  two  of  the  high  tungsten-low  vanadiam  steels  have  mod- 
erately coarse  fractures,  while  that  of  steel  X,  of  similar  composi- 
tion, is  the  finest  of  all  examples  contained  in  Figure  13.  The 
microstructure  of  this  steel  is  shown  in  Figure  15  a,  and  attention 
is  called  to  the  extremely  fine  grain  size  and  uniformly  distributed 
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tungstides,  carbides,  etc.,  in  contrast  with  the  segregation  shown 
in  Figures  15  c  and  16  a.  Such  differences  in  structure  originated 
during  the  progress  of  manufacture  and  can  not  be  eliminated 
by  heat  treatment.  Steels  like  those  shown  in  Figures  15  c  and 
16  a  often  show  "fish-scale"  fractures  similar  to  that  reproduced 
in  Figure  14,  and  in  cutting  tests  generally  poor  and  erratic  results 
are  obtained. 


Tempering  Temperature  -  Deg  C 

Fig.   10. — Rehardening  upon  tempering  of  high  tungsten-low  vanadium    high-speed  tool 
steel,  first  oil  quenched  from  various  temperatures. 

VIII.  GENERAL  DISCUSSION. 
1.  COMPOSITION  v.  QUALITY  OF  STEEL  AND  HEAT  TREATMENT. 

Considerable  emphasis  has  been  placed  on  the  chemical  com- 
position of  high-speed  tool  steels,  though  mention  has  likewise 
been  made  of  the  necessity  of  high-grade  raw  materials,  good 
melting  practice,  and  care  in  fabrication  in  producing  alloys  of 
superior  performance. 

Clean,  sound  metal  free  from  impurities  and  excessive  segre- 
gation, including  "stringers"  of  carbides,  tungstides,  etc.,  is 
essential,  and  it  is  true  that  the  behavior  of  two  lots  of  practically 
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identical  composition  and  heat  treatment  may  be  quite  different 
in  service  because  of  variations  in  the  quality  of  the  steel.  How- 
ever, its  composition  is  likewise  of  importance  and  should  not  be 
disregarded.  If  it  is  not  within  certain  limits,  the  steel  can  not 
have  satisfactory  performance.  On  the  other  hand,  the  mere  fact 
that  the  metal  comes  within  the  ordinary  limits  of  chemical 
composition  does  not  insure  its  behavior  in  service. 

The  practice  of  purchasing  and  using  high-speed  tool  steels  solely 
by  name  is  not  the  ideal  method,  for  there  is  always  the  possibility 
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Tempering    Temperature     -  Deg     C 
Fig.    ii. — Rehardening   upon   tempering  of  medium-low  tungsten  high-speed   tool   steel 
containing  cobalt,  first  oil  quenched  from  various  temperatures. 

of  change  of  tvpe  resulting  from  a  variety  of  causes.  This  may 
result  in  decreased  performance  with  rise  in  tool  costs  or  require 
a  modification  in  treatment  for  maintaining  comparable  service. 
While  such  conditions  may  not  often  be  encountered,  they  are, 
nevertheless,  observed  and  therefore  are  of  importance.  In  an 
instance  recently  brought  to  the  attention  of  one  of  the  authors 
two  organizations  were  using  the  same  brand  of  steel.  In  the 
first  case  low  tungsten-high  vanadium  steel  was  regularly  supplied 
while  the  second  plant  reported  this  brand  to  be  the  high  tungsten- 
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low  vanadium  tvpe.  In  view  of  the  test  data  previously  described 
no  further  comments  regarding  such  a  condition  need  be  made. 
A  lot  of  a  well-known  brand,  normally  of  the  high  tungsten 
tvpe  containing  about  1  per  cent  vanadium,  recently  gave  one 
organization  considerable  trouble  and  had  only  about  one-fifth 
its  ordinarv  endurance.  Examination  developed  the  fact  that 
less  than  0.2  per  cent  vanadium  was  present.  This  material  was 
undoubtedlv  shipped  in  error,  and  no  difficulty  would  be  encoun- 
tered in  obtaining  replacement,  but  the  cost  in  time  and  labor 
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Temper j/i g    Temperature  -  Jkg.   C 

Fig.  12. — Rehardening  upon  tempering  of  high  tungsten  high-speed  tool  steel  containing 
cobalt  and  molybdenum,  first  oil  quenched  from  various  temperatures. 

ot  such  errors  to  the  manv  shops  not  ordinarilv  checking  the 
composition  of  high-speed  tool  steels  but  buying  and  using  them 
solelv  by  name  is  of  considerable  magnitude.  Having  secured 
steel  of  satisfactory  quality  and  of  suitable  composition,  great 
care  is  required  in  heat  treatment.  Methods  including  accurate 
temperature  control  but  disregard  of  the  time  factor  are  not 
satisf  acton-. 

When  it  is  considered  that  in  manv  cases  lathe  tools  are  placed 
in  heat-treatment  furnaces  which  are  maintained  at  temperatures 
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Fig.  13. — Fractures  0/  some  of  the  lathe  tools  subjected  to  breakdown 
tests  X  about  %. 

Tools  shown  are  those  hardened  over  their  entire  length  and  used  in  test  No.  3. 
Letters  shown  represent  the  various  brands. 
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sufficient  to  melt  the  steel  (see  Figs.  15  b,  16  a  and  b,  and  17), 
and  that,  therefore,  the  time  element  is  largely  depended  upon  in 
correctly  carrying  out  the  hardening  operation,  it  is  not  difficult 
to  understand  why  erratic  and  unsatisfactory  results  are  so  often 
produced . 

2.  BREAKDOWN  TESTS  FOR  THE  PURCHASE  OF  HIGH-SPEED  TOOL 

STEELS. 

The  chemical  composition,  quality  of  metal,  and  heat  treatment 
are  three  most  important  factors  to  be  considered  in  the  purchase 
of  high-speed  tool  steels.  The  adyice  of  manufacturers  can  readily 
be  obtained  regarding  ayailable  types  best  suited  for  definite 
service  or,  if  desired,  comparative  cutting  tests  can  be  made.  Xo 
difficulties  should  then  be  encountered  in  secur- 
ing steel  within  satisfactory  limits  of  composition. 

While  heat  treatment  is  normally  under  com- 
plete control  of  the  consumer,  it  becomes  of  im- 
portance in  selecting  the  type  of  steel.  For 
example,  slight  superiority  in  performance  of 
one  composition  might  be  counterbalanced  by 
greater  sensitivity  to  heat  treatment  or  the 
necessity  of  using  very  high  hardening  heats  for 
development  of  maximum  endurance  resulting  in 
excessive  scaling  of  tools,  shorter  furnace  life, 
and  generally  higher  production  costs.  Fig.  14  — ''Fish scale" 

Assuming  correctly  balanced  composition  and  or  "flaky"  fracture 
heat  treatment,   the  quality  of  metal  may  be       '"    hi9}'-sPeed    io°l 

.    '  -  steel. 

considered  as  the  summation  of  all  other  factors    w  «  ..  . 

Note     quenching     and 

influencing  the  true  performance  of  the  steel.  grinding  cracks. 
It  is  largely  because  of  variations  in  this  respect  that  competitive 
breakdown  tests  have  come  into  use,  though  their  purpose  is  com- 
parison of  finished  products,  the  performance  of  which  is  influenced 
by  all  factors  mentioned.  It  is  questionable,  however,  whether 
such  tests  have  really  answered  the  purpose. 

As  already  indicated,  the  grading  of  brands  or  steels  of  nearly 
similar  performance  is  not  justified  because  the  order  of  value  mav 
be  entirely  changed  by  minor  variations  in  test  conditions  or  bv 
introduction  of  tools  made  from  different  lots  of  the  same  brand. 
Likewise  there  is  no  assurance  that  test  bars  supplied  prospective 
purchasers  for  a  purely  competitive  test  really  represent  the  aver- 
age product  of  various  manufacturers.  In  many  cases  they  do, 
but  in  others  a  portion  of  the  steel  later  supplied  has  been  below 
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Fig.  15. — Photomicrographs  of  some  oj  the  lathe  tools  tested 


a.  Characteristic  structure  of  steel  X,  oil  quenched  from  2,415°  F.  and  tempered  at  1,090°  F.     X  1,000. 
6.  Zoneof  partial  melting  observed  in  tools  of  steel  S,  oil  quenched  from  2,415°  F.  and  tempered  at  1,090°  F. 

X500. 
c.  Section  near  the  center  of  top  surface  of  tool" shown  in  b.     X  5°°-     Shows  "  stringers  "  of  hard  constituents 

and  very  large  grain  size  compared  to  that  of  steel  X. 
All  samples  etched  with  2  per  cent  nitric  acid  in  alcohol. 
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Fig.  16. — Photomicrographs  of  high-speed  tool  steels. 

a.  Another  section  of  tool  of  brand  S  shown  in  Figures  15  6  and  c.  X  750.  Xote 
segregation  and  alignment  of  hard  constituents. 

b.  Outside  surface  of  heat  treated  lathe  tool  of  brand  S  which  shows  the  effect  of 
"sweating"  on  the  final  structure.  Xote  the  presence  of  a  eutectic  which  is  charac- 
teristic of  cast  steel.     X  750. 

All  samples  etched  with  2  per  cent  nitric  acid  in  alcohol. 
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the  standard.  Unless  suitable  methods  are  employed  to  check 
subsequent  shipments  against  performance  in  the  competitive  test, 
the  variations  encountered  may  be  much  greater  than  the  differ- 
ences originally  found  between  various  steels. 

Unless  breakdown  tests  are  made  under  conditions  very  closely 
approximating  those  of  actual  service,  the  results  obtained  will 
mean  little  or  nothing  and  may  actually  be  misleading,  for,  as 


Fig.  17. — Structure  0/  cast  high  tungsten-low  vanadium  high- 
speed steel.  Introduced  for  comparison -with  structure  shown 
in  speed  16  b.      X  75°- 

Etched  with  2  per  cent  nitric  acid  in  alcohol. 

previously  shown,  two  types  of  steel  may  have  comparable  endur- 
ance under  certain  test  conditions,  but  if  these  are  materially 
changed  the  endurance  of  one  may  become  much  greater  than  that 
of  the  other. 

Results  of  breakdown  tests  can  be  accepted  only  if  a  large  num- 
ber of  tools  are  tested  and  the  averages  of  at  least  two  grinds  are 
used  in  interpretation  of  results.  They  may,  therefore,  be  employed 
to  detect  steel  of  highly  questionable  quality  or  to  differentiate 
between  steels  or  groups  of  widely  different  performance,  but  are 
not  satisfactory  for  competitive  comparisons  used  as  the  basis  of 
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purchase.  Rather  would  the  authors  recommend  the  purchase  of 
definite  types  of  high-speed  tool  steel  on  the  basis  of  price  from 
manufacturers  known  to  produce  a  uniformly  high-grade  product 
and  the  use  of  suitable  inspection  tests  to  insure  the  quality  of 
various  shipments  made.  The  establishment  of  a  selected  list  of 
producers  should  not  be  objectionable,  for  it  would  be  open  to  all 
organizations  able  and  willing  to  demonstrate  high  quality  of 
product.  Inspection  tests  might  include  macroscopic  etching, 
fracture,  chemical  analysis,  and  even  microscopic  examination  and 
breakdown  tests,  the  last  mentioned  to  insure  the  performance  of 
steel  being  equal  or  better  than  a  carefully  prescribed  minimum 
which  could  first  be  established. 

IX.  SUMMARY  AND  CONCLUSIONS. 

Important  features  developed  or  conclusions  drawn  from  the 
described  tests  may  be  summarized  as  follows : 

1.  Breakdown  tests,  in  which  endurance  of  tools  is  determined 
under  definite  working  conditions,  are  not  satisfactory  as  the 
basis  of  purchase  for  high-speed  tool  steels. 

2.  While  competitive  comparisons  of  brands  of  nearly  similar 
performance  are  not  justified,  owing  to  the  qualitative  nature  of 
this  tvpe  of  test,  relatively  large  differences  may  be  ascertained 
with  certainty  providing  sufficient  tools  are  tested  and  averages 
of  at  least  two  grinds  are  used  in  interpretation  of  results. 

3.  In  certain  severe  breakdown  tests  with  roughing  tools  on 
3  per  cent  nickel  steel  forgings,  in  which  high  frictional  tempera- 
tures were  produced,  it  was  found  that  the  performance  of  com- 
mercial low  tungsten-high  vanadium  and  cobalt  steels  was  superior 
to  that  of  the  high  tungsten-low  vanadium  type  and  special  steels 
containing  about  l±  per  cent  uranium  or  y^  per  cent  molybdenum. 
The  average  power  consumption  in  all  cases  was  practically  the 
same,  so  that  this  factor  need  not  be  introduced  in  comparisons 
which  may  be  made  on  the  basis  of  endurance  of  the  tools. 

4.  Modification  in  test  conditions,  including  small  changes  in 
tool  angles  but  principally  changes  in  cutting  speed,  more  mark- 
edly affected  the  performance  of  steels  containing  cobalt  or 
special  elements,  such  as  uranium  or  molybdenum,  than  that  of 
the  basic  types  (plain  chromium- tungsten- vanadium  steels). 

5.  The  relatively  poor  endurance  of  the  high  tungsten  steels 
under  severe  working  conditions  was  not  observed  in  more  moder- 
ate tests,  made  on  the  same  test  log  with  equal  cutting  speed 
and  depth  of  cut  but  with  reduced  feed,  in  which  the  frictional 
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temperatures  produced  were  not  so  high.  Also  in  these  latter 
tests  the  performance  of  the  cobalt  steels  was  better  than  either 
the  low  or  high  tungsten  steels. 

6.  Hardness  determinations  and  examination  of  fractures 
indicate  that  the  various  types  of  commercial  high-speed  steel 
show  differences  in  behavior  under  heat  treatment  and  in  physical 
properties  which  probably  are  of  importance  under  moderate 
working  conditions  and  might  counterbalance  slight  advantages 
in  performance. 

The  authors  acknowledge  the  cooperation  of  Lieut.  Commander 
H.  L.  Merring,  United  States  Navy,  and  the  aid  of  T.  G.  Digges  in 
carrying  out  many  of  the  tests.  The  assistance  of  T.  H.  Johrden, 
machinist  inspector,  and  J.  W.  Talley,  assistant  chemist,  United 
States  Naval  Gun  Factory,  is  also  acknowledged. 

X.  TABLES  OF  RESULTS. 


TABLE  l.-Siimm 

ary  of  Compositions  of  39  Brands  of  Modern 
Steels  Based  on  Analysis  of  66  Lots. 

High-Speed 

Tool 

Lots 
ana- 
lyzed. 

Brands 
found 

in 
speci- 
fied 
type. 

Carbon  (per  cent). 

Chromium  (per  cent). 

Type  of  high-speed  tool  steel. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

1 .  Low  tungsten -high  vanadium 

10 
4 

36 
8 

8 

6 
2 

22 
7 

7 

0.56 
.62 
.45 
.58 

0.74 
.71 
.85 
.88 

0.65 
.66 
.66 
.69 

.69 
.64 
.60 
.65 
.66 
.58 
.64 
.80 

2.21 
3.01 
2.26 
2.78 

4.45 
4.67 
4.70 
4.31 

3.69 
3.93 

3.  High  tungsten -low  vanadium 

4.  Cobalt               

3.54 
3.70 

5.  Special: ' 

3.52 

3.58 

4.00 

(6)  Cobalt-molybde 

4.25 



3.94 

3.85 

3.21 

3.63 

Total                                        

66 

44 

Type  of  high-speed 

Tungsten  (pe 

r  cent). 

Vanadium  (percent). 

Cobalt  (per  cent). 

Mo 
(per 
cent). 

Ur 

(per 
cent). 

tool  steel. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

Min. 

Max. 

Av. 

1.  Low    tungsten -high 

11.10 

14.08 

16.13 

13.07 

14.00 
15.79 

19.65 

18.79 

13.07 
14.92 

17.90 
16.38 

12.88 
16.65 
15.50 

17.70 
13.80 
13.64 
17.03 
19.80 

0.50 
.69 

.48 
.91 

2.15 
2.07 

1.24 
1.63 

1.47 
1.54 

.88 
1.21 

1.97 

2.  Medium  tungsten 

3.  High    tungsten-low 

1.86 

4.73 

3.28 

5.  Special:  ' 

0.71 
.71 
.50 

1.07 

1.10 
1.20 

1.00 

b)  Cobalt-molyb- 

4.88 

1.45 

1.36 

.86 

.80 

0.23 

.19 

.26 

.21 

1  Typical  compositions. 
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TABLE  2. — Proportions  of  Manganese,  Phosphorus,  Sulphur,  and  Silicon  Found  in 
66  Lots  of  Modern  High-Speed  Tool  Steels  Representing  39  Brands. 


Type  of  high-speed  tool 
steel. 

Manganese  (per      Phosphorus  (per 
cent).                          cent  j. 

Sulphur  (per 
cent  i. 

Silicon  (per  cent). 

Min. 

Max.     Av.    Min.    Max. 

Av. 

Min.   Max. 

Av. 

Min. 

Max. 

Av. 

All  types 

0.09 

0.43      0.26    0.004    0.051 

0.023 

0.009    0.061 

0.027 

0.09 

■0.81 

0.27 

1 

1  Only  one  lot  contained  more  than  0.51  per  cent  silicon. 

TABLE  3. — Chemical   Compositions   of  Cobalt  High-Speed   Tool   Steels   (Produced 

in  the  United  States  I. 


Class  of  steel. 

Brand. 

Chemical  composition  (per  cent). 

C. 

Cr. 

W. 

V. 

Co. 

Mn. 

P. 

S. 

Si. 

( a )  Low  tungsten-low  cobalt 

A 

B 
B 

C 
D 

0.68 

.67 

.76 

.66 
.88 

.58 
.72 
.59 
.68 

3.96 

3.72 
3.41 

3.45 
4.29 

13.07 

13.50 
14.01 

17.80 
18.79 

1.63 

1.28 
1.60 

1.06 
1.30 

.93 
.86 
.91 
.97 

1.86 

4.23 
4.73 

2.54 
2.92 

3.35 
3.  10 
3.34 
3.27 

0.19 

.42 
.34 

.20 

0.018 

.023 
.029 

.022 

0.021 

.023 
.061 

.019 

0.37 

1  b)  Low  tungsten-high  cobalt 

(( ■ )  High  tungsten-low  cobalt 

.39 

.27 

.45 
.10 

(V/j  High  tungsten-high  cobalt 

E 
E 
F 
G 

2.78 
3.26 
4.31 
3.68 

17.56 
18.40 
18.58 
17.51 

.09 
.08 
.17 

.30 

.016 
.020 
.024 

.014 

.026 

.017 
.016 
.010 

.18 
.11 
.10 
.22 

TABLE  4. — Proportions  of  Carbon  Found  in  66  Lots  of  Modern  High-Speed  Tool 
Steels  Representing  39  Brands. 


Carbon  range  (per  cent).1 

Steels 
in  given 
limits. 

1 
1 
6 
22 
22 
7 
7 

Total  number 
of  steels  in 
given  limits 
1  per  cent). 

0.45-0.50 

1.5 

.50-  .55  ...                                                                                           

1.5 

.55-  .60  .   .                                                                                                 

9.1) 

.60-  .65 

33.31     .,  - 

.65-  .70  .   .                                                                                              

33  3  >- 86.  3 

.70-  .75                                                                                             

10. 6J 

10.6 

Total 

66 

99.9 

1  Minimum  value  observed,  0.45  per  cent  carbon;  maximum  value  observed,  0.88  per  cent  carbon. 

TABLE  5. — Proportions  of  Chromium  Found  in  66  Lots  of  Modern  High-Speed  Tool 
Steels  Representing  39  Brands. 


Chromium  |  per  cent  I 


Steels 
in  given 
limits. 


2.00-2.50. 
2.50-3.00. 
3.00-3.50. 
3.50-4.00 
4.00-4.50. 
4.50-5.00 


Total  number  of 

steels  in  given 

limits  1  per  cent ). 


3.0 

4.5 
27.3 
37. 
2 

6.1 


7.l}-65-2\t 

1.2  J 


Total. 


66     100.0 


1  Minimum  value  observed,  2.21  per  cent  chromium;  maximum  value  observed.  4.70  per  cent  chromium. 
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TABLE  6.— Compositions  of  American  and  English  High-Speed  Tool  Steels. 
[Cobalt  and  special  steels  not  included.) 


Commonly  called — 

Produced  in — 

Usual  limits  of  chemical  composition 
(per  cent). 

Type  of  steel. 

Carbon. 

Manga- 
nese. 

Phos- 
phorus. 

Sul- 
phur. 

Low  tungsten 
Medium  tungsten 
High  tungsten 

13  per  cent  tungsten  steel. 

"Twist  drill" 

1 5  per  cent  tungsten  steel  - 

"Standard" 

18  per  cent  tungsten  steel. 
"Super" 

United  States. 

England  ' 

United  States. 
England  l 
United  States. 
England  l 

0.  60-0.  75 
. 50-  .  70 
.  60-  .  75 
.  55-  .  65 
.55-  .75 
. 55-  .  65 

0. 10-0. 45 
■-  .  20 

.  10-  .  45 
2.20 

. 10-  .  45 
2.20 

2  0.  050 
(3) 

2.050 
(3) 

2.050 
(3) 

2  0.  060 
(3) 

2.060 
(3) 

2.060 
(3) 

Commonly  called — 

Produced  in — 

Usual  limits  of  chemical  composition  (per  cent). 

Type  of  steel. 

SUic011-         rnnam.        Tungsten. 

Vanadium. 

Low  tungsten 

13  per  cent  tungsten 

United  States 

0.  10-0.  45      3.  25-4.  25 

11.00-14.00 

1.  75-2.  25    or 

steel. 

0.50-1.25. 

"Twist  drill" 

England ' 

Trace. 

2.  50-3. 00 

12.  00-14.  00 

Nil  to  trace. 

Medium  tung- 

15 per  cent  tungsten 

United  States 

.  10-  .  45 

3.  25-4. 50 

14.  00-16.  00 

0.50-2.25. 

sten. 

steel. 

"Standard" 

England  • 

Trace.     2.75-3.50 

14.  00-16.  00 

Nil  to  0.50. 

High  tungsten. 

18  oer  cent  tungsten 

United  States 

.  10-  .  45      3.  00-4.  50 

*  16.  00-19.  50 

0.50-1.25. 

steel. 

"Super" 

England  ' 

Trace. 

3. 00-4.  00 

« 16.  00-18.  00 

0.50-1.00. 

1  These  limits  obtained  from  T.  H.  Xelson.  "  Comparison  of  American  and  English  methods  of  produc- 
ing high-grade  crucible  steels,"  Raw  Material,  4,  Xo.   12,  p.  424. 
-  .Maximum. 
3  Low  as  possible. 
1  Sometimes  up  to  20  per  cent. 

TABLE  7.— Conditions  Under  Which  1  by  $  Inch  Lathe  Tools  Were  Tested. 


Conditions  of  test. 


Desired  cutting  speed  |  feet  per  minute  at  bottom  of  cut  I 

Feed    inches  per  revolution  

Depth  of  cut    inches  

Tool  angles  i  degrees  : 

Clearance 

Back  slope 

Side  slope 

Nose  radius  i  inches  | 

Test  logs  used  I  refer  to  Table  8  for  properties) 


Results  for  test  series — 


1 

2 

67 

61 

0.045 

0.045 

T5 

TS 

6 

6 

7J 

8 

12 

14 

A 

■fV 

1.  2 

3 

60 
0.045 
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Results  (in 

per  cent)  for  log  No.  — 

Chemical  analysis  and  tensile  tests  made. 

1 

2 

3 

Chemical  analvs's: 

C.     .              

0.34 
.59 
.043 
.034 
.22 

2.88 
.02 
.29 

0.37 
.62 
.046 
.027 
.12 

2.93 
.03 
.32 

0.  30-0. 40 

Mn 

.  50-. .  SO 

P 

1.05 

S                                      

1.05 

Si                                                           

Ni.                                 

2.  50-3.  50 

Cr                                                  

Cu 

On  end  1. 

On  end  2. 

On  end  1. 

On  end  2. 

Tensile  properties  obtained  on  "transverse 
specimens": 
Proportional  limit    pounds  per  square 

63, 100 

98,900 
17.3 
24.0 
196 

66, 200 

98,300 
17.5 
23.2 
196 

63, 100            65, 100 

70,000 

Tensile  strength  (pounds  per  square 

97,200 
13.5 
17.9 
202 

100. 300 
15.0 
22.6 

207 

110,000 

Elongation  ( per  cent  in  2  inches ) 

18.0 
31.0 

215 

1  Maximum. 


TABLE  9. — Comparison  of  Performance  of  Various  Brands  of  High-Speed  Steels 

Based  on  Data  Given  in  Table  12. 

[Ten  steels  selected  at  random  from  those  tested.] 


Type  of  stee'. 


A^^L!wn°!  CUt    Position  in  list  for- 
in  minutes  for — 


Brand. 


First 

set  of 

tests 

1  speed, 

67  feet 

per 

minute). 


Second 

set  of 

tests 

(speed, 

61  feet 

per 

minute). 


First         Second 
set  of  set  of 

tests.     1     tests. 


Low  tungsten B 

Do    C 

High  tungsten O 

Cobalt S 

Special    molybdenum) T 

Cobalt O 

High  tungsten H 

Cobalt R 

Special  1  uranium ) W 

High  tungsten F 


10.06 

10.32 

8.80 

11.68 

7.87 

7.36 

7.60 

14.56 

6.18 

8.92 

5.52 

9.41 

4.90 

6.15 

4.85 

7.25 

4.14 

6.39 

4.01 

4.87 

TABLE  10. — Comparison    of   Performance   of   Various   Types   of  High-Speed    Tool 
Steels  in  Three  Series  of  Lathe  Tests.1 


Performance  as  per  cent  of  best  type — 

Type  of  steel. 

First 
series. 

Second 
series. 

Third 
series. 

Total. 

Average. 

Low  tungsten 

100 
67.8 
56.3 

54.6 
54.1 

94.1 
100 
55.3 
69.0 
55.8 

100 

97.3 
-  64.  2 

51.7 

62.4 

84 

17.7 

294.1 
265.1 
175.8 
175.3 
172.3 

98 

Cobalt 

88 

59 

Special  steels  ( molybdenum  or  uranium  added ) 

Medium  tungsten 

58 
57 

Tungstenless 

44.4 

62.1 

31 

•  Details  1  1  tests  .ivt-n  in  Tables  -.  8,  ir.  and  12. 
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TABLE  14. — Effect  of  Variation  in  Feed  on  the  Performance  of  Various  Groups  of 

High-Speed  Tool  Steels. 


Brand. 

Tool  No. 

Endurance  in  minutes.1 

Group. 

Third 
grind 

(0.031 
feed). 

Fourth 
grind 

(0.031 
feed). 

Average, 
third 
and 
fourth 
grinds 
(0.031 
feed). 

Average, 

first  and 

second 

grinds 

(0.045 
feed). 

Cobalt  steels 

S 
S 
0 
0 

Y 
Y 
F 
X 

B 
B 
B 
A 

x2A.  .  . 

23.60 

22.83 
25.13 

17.30 
15.42 

22.30 
12.35 
9.57 
25.25 

19.03 
12.82 
10.45 
17.57 

1 

T1A 1        23.27 

A104-14A.. 

A104-14.  . 

A105-2A 
A105-2.  .  .  . 
A100-27.  .  . 
A102-1 

A101-26A 
A101-27A.. 
A101-26.  .  . 
A103-41A.. 

39.08 
25.42 

17.27 
35.97 
16.20 
22.70 

11.48 
13.52 
22.48 
15.58 

y       14. 36 

High  tungsten-low  vanadium  steels 

24.00 

J 

>         7.84 

Low  tungsten-high  vanadium  steels.    . 

20.20 

J 
| 

>        10. 08 

15.37 

J 

1  Tools  were  ground  to  6°  clearance,  8°  back  slope,  and  14°  side  slope,  with  radius  of  nose  •&  inch.     Tests 
were  made  on  log  No.  2  at  60  feet  per  minute  cutting  speed,  rs  inch  depth  of  cut,  and  feeds  shown. 

TABLE  15. — Heat  Treatment  and  Performance  of  Small  Lathe  Tools  Prepared  from 
Three  Types  of  High-Speed  Tool  Steels. 


Type  of  steel. 


Low  tungsten -high  vanadium.  .  . 
High  tungsten-low  vanadium 
Cobalt  steel — high  tungsten  type 


Preheat 

•    ^aTu^" 

(°F.). 


1,600 
1.600 
1,600 


High- 
heat 
temper- 
ature 

(°F.). 


2.300 
2,415 
2,300 


High- 
heat 
time 
(min- 
utes). 


Temper- 
ing tem- 
perature 

<°F.). 


1.090 
1,090 
1,090 


Brand. 

Endurance 

in  minutes. 

Type  of  steel. 

First  grind. 

1 

2 

3 

4 

5 

6 

Low  tungsten-high  vanadiurr 
High  tungsten-low  vanadium 
Cobalt  steel— high  tungsten 



B 
F 
R 

26.90 
24.38 
25.73 

31.75 
36.10 
23.93 

25.95 
20.83 
30.37 

24.28 
26.85 
15.83 

28.78 
16.33 
14.47 

22  15 

Brand. 

Endura 

nee  in  n 

linutes. 

Per- 
form- 

Type of  steel. 

Regrind. 

Aver- 
age., 
both 

grinds. 

ance 
as  per 
cent  of 

1 

2 

3 

4 

5 

6 

best 
type. 

Low  tungsten-high  vanadium. 

B 

32.40 
30.22 

29.97 
26.03 

17.40 
27.65 

(') 

26.62 
24.57 

21.99 

100 

High  tungsten-low  vanadium.        F 

19.87 
20.38 

92 

Cobalt  steel — high  tungsten 
type 

R 

(») 

20.38 

81 

1  Tools  broke  in  test.     Size  of  tools,  %  by  '2  inch,  with  radius  of  nose  ^  inch.     Tool  angles  and  properties 
of  test  log  same  as  those  used  in  test  series  No.  3,  Tables  7  and  8. 


Washington,  August  i,  1922. 
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SOME   TESTS  OF  STEEL-WIRE  ROPE  ON    SHEAVES. 

By  Edward  Skillman. 


ABSTRACT. 

Tests  of  wire  rope  yi,  %,  yi,  i,  and  1%  inches  in  diameter  were  made  on  sheaves  of 
10,  14,  and  18  inch  diameter  to  determine  their  strength  under  static  load.  The  ropes 
were  all  of  6-strand,  19-wire  construction  made  from  "plow"  steel.  It  was  found 
that  the  strength  on  sheaves  was  less  than  that  of  the  straight  ropes,  the  ratio  of  the 
strengths  being  0.87  for  yi-inch.  rope  on  10-inch  sheaves  and  0.95  on  18-inch  sheaves; 
for  i^-irich  rope  the  corresponding  values  were  0.76  and  0.85. 

The  tensile  strength  of  individual  wires  was  about  230,000  lbs. /in.2,  elongation  in  8 
inches  about  2  per  cent,  and  reduction  of  area  about  46  per  cent.  These  were  practi- 
cally the  same  for  all  sizes  of  wire.  The  strength  of  the  straight  ropes  followed  closely 
the  equation  5=83,000  rf 2,  in  which  5  is  the  strength  in  pounds  and  d  the  diameter  of 
the  rope  in  inches.  One  worn  rope  which  was  tested  showed  a  surprisingly  high 
strength  when  its  condition  is   considered. 

A  point  of  inflection  in  the  load  diagrams  was  found  at  from  56  to  65  per  cent  of  the 
ultimate  load,  above  which  the  elongation  increased  rapidly.  The  elongation  of 
straight  rope  over  a  gage  length  of  about  40  inches  was  about  2.5  per  cent  and  the 
reduction  of  diameter  about  4  per  cent.  The  modulus  of  elasticity  of  a  new  rope  was 
about  8,500,000  lbs. /in.2  and  of  worn  rope  about  13.500,000  lbs. /in.2. 
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I.  INTRODUCTION. 

1.  GENERAL  SCOPE  AND  PURPOSE  OF  TESTS. 

It  is  the  custom  in  engineering  practice  to  determine  the  strength 
of  wire  rope  by  tests  in  tension.  These  tests  are  usually  sufficient 
to  furnish  data  as  to  the  comparative  strengths,  qualities,  and 
behaviors  of  the  materials.     They  serve  as  the  basis  for  acceptance 
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or  rejection  in  purchase  specifications.  On  the  other  hand,  it  is 
frequently  desirable  to  investigate  the  behavior  of  a  material 
in  a  manner  simulating,  as  nearly  as  practicable,  those  conditions 
under  which  it  is  ordinarily  used.  Data  of  this  character  are 
comparatively  meager  in  the  case  of  wire  rope. 

The  tests  described  here  were  made  at  the  request  of  the 
American  Bridge  Co.,  erection  department.  This  company  uses 
many  wire  ropes  in  general  construction  and  erecting  work. 
Information  was  desired  as  to  their  behavior  when  used  upon 
sheaves  of  various  diameters,  and  more  particularly  as  to  their 
strength  when  used  for  the  hoisting  blocks  of  cranes  and  derricks. 
It  is  clear  that  a  number  of  independent  variables  may  be  studied 
in  an  investigation  of  this  problem.  On  the  other  hand,  it  seemed 
advisable,  for  practical  purposes,  to  limit  the  tests  to  static  loads. 
It  was  decided  that  the  behavior  of  a  continuously  wound  rope 
in  a  block  and  tackle  of  many  sheaves  and  "fall"  lines  could  be 
sufficiently  approximated,  for  test  purposes,  by  the  employment 
of  a  single  continuous  loop  over  two  sheaves,  thus  saving  unneces- 
sary expense  and  simplifying  the  interpretation  of  the  test  results. 

2.  THE  ROPES  TESTED. 

The  ropes  tested  were  known  commercially  as  ' '  plow  steel  wire 
hoisting  ropes."  Their  diameters  were  $4,  %,  yi,  i,  and  i% 
inches.  Except  for  one  sample  the  ropes  were  in  the  condition 
in  which  they  left  the  factory,  except  that  they  had  been  exposed 
to  moisture  during  storage,  which  had  caused  some  of  the  outside 
wires  to  rust  in  spots.  However,  in  general,  the  lubricant  had 
preserved  them  very  well.  The  only  other  imperfections  found 
were  slight  cuts  on  some  of  the  wires,  probably  made  by  the 
machines  used  for  laying  the  wires  in  the  rope,  and  imperfect 
welds  where  the  wires  had  been  lengthened.  These  flaws  could 
be  found  only  by  very  close  inspection  or  by  testing,  so  that  the 
ropes  would  probably  be  classed  commercially  as  "perfect." 

One  rope  had  been  in  service  for  five  years  and  had  been  used 
to  lift  loads  of  from  5  to  50  tons  on  a  steel  derrick  car,  where  a 
continuous  rope,  passing  over  a  number  of  sheaves,  formed  19 
parallel  lines.  This  rope,  exposed  to  the  weather,  had  been 
lubricated  at  intervals  of  two  or  three  months  with  a  paste  of 
equal  parts  of  flake  graphite  and  "600-W"  cylinder  oil.  When 
received  at  the  laboratory,  however,  very  little  lubricant  could 
be  observed  on  it.     The  rope  core  was  nearly  free  from  lubricant. 
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The  outer  wires  had  been  worn  by  the  sheaves  and  by  slipping 
on  each  other  to  a  depth  of  about  one-half  of  their  radii.  Many 
of  the  wires  were  broken.  For  uniformity,  all  test  pieces  of  each 
kind  and  size  were  cut  from  one  rope  having  a  length  of  about  100 
feet. 

The  chemical  composition  of  the  steel,  the  nature  of  the  rope 
core,  and  the  character  of  the  lubricant  used  on  the  rope  were 
determined.  They  are,  in  general  agreement  with  the  results 
obtained  in  the  tests  of  wire  ropes,  described  in  Bureau  of  Stand- 
ards Technologic  Paper  No.  121.  The  carbon  content  was  found 
to  be  from  0.64  to  0.70  of  1  per  cent,  with  the  exception  of  three- 
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FEW  ROPES  WORK  ROPES 

FlG.   i.     The  construction  of  new  and  uorn  ropes. 

fourths  inch  worn  rope,  which  had  0.38  per  cent  carbon.  The 
rope  core  was  made  of  jute  or  manila  fiber  and  lubricated  by 
mineral  oil. 

The  construction  of  the  new  and  of  the  worn  ropes  is  shown  in 
Figure  1.  The  construction  of  the  worn  specimens  is  similar  to 
that  of  the  new  ones,  with  the  exception  of  the  outer  ring  of  wires. 
In  the  new  ropes  the  outer  rings  of  the  strands  are  each  composed 
of  two  different  diameters  of  wires  (see  Table  1)  which  are  placed 
alternately  in  the  ring.  This  renders  the  envelope  of  the  strand 
more  nearly  cylindrical.  In  the  case  of  the  worn  rope  this  approx- 
imately cylindrical  shape  is  obtained  by  the  use  of  filler  wires. 
The  wires  composing  the  core  and  the  middle  ring,  on  the  other 
hand,  are  of  approximately  the  same  diameter. 
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H.  DESCRIPTION  OF  THE  TESTS. 

The  tests  were  made  on  the  individual  wires,  on  the  straight 
ropes,  and  on  the  ropes  on  sheaves  of  different  diameters.  All 
of  the  tests  were  made  in  duplicate.  The  results  of  the  duplicate 
tests  agree  almost  exactly,  excepting  for  a  few  tests  of  the  worn 
rope. 

1.  INDIVIDUAL  WIRES. 

The  tensile  tests  of  the  wires  were  made  in  a  hand-power  Olsen 
testing  machine  having  a  capacity  of  10,000  pounds.  It  was 
decided  to  straighten  all  the  wires  for  the  sake  of  uniformity,  as 
tests  showed  that  this  did  not  affect  the  results  appreciably. 
The  wires  were  straightened  on  a  block  of  wood  with  light  blows 

of  a  hammer. 

2.  STRAIGHT  ROPES. 

The  samples  of  rope  selected  for  test  were  about  6  feet  long. 
They  were  tested  in  an  Olsen  four-screw  vertical  testing  machine 
of  600,000  pounds  capacity.  (See  Fig.  2.)  Ordinary  commercial 
sockets  were  used  to  hold  the  specimens  in  the  testing  machine. 
The  small  diameter  of  the  sockets  was  one-eighth  inch  larger  than 
the  diameters  of  the  ropes  on  which  they  were  placed.  The  core 
was  removed  from  the  portion  of  the  rope  in  the  socket.  After  the 
wires  had  been  thoroughly  cleaned  a  small  hook  was  formed  at 
the  end  of  each  of  the  wires,  and,  after  drawing  the  wires  back  into 
the  socket,  the  socket  was  filled  with  molten  zinc.  It  is  believed 
that  the  hooks  in  the  wires  increased  the  bond. 

To  find  the  effect  of  the  working  load  upon  the  rope  (taken  as 
approximately  one-fifth  of  the  ultimate  strength),  this  load  was 
applied  and  removed  three  times;  then  successive  load  incre- 
ments were  applied  and  entirely  removed.  The  machine  was 
stopped  while  measurements  were  taken,  but  stopping  the  ma- 
chine or  imposing  repeated  loads  did  not  noticeably  affect  the 
maximum  load,  since  in  several  cases  this  was  verified  by  breaking 
an  extra  specimen  on  which  the  loads  were  not  repeated. 

In  the  second  series  of  tests  the  first  applied  load  was  about 
one-thirtieth  of  the  maximum  load.  This  load  and  the  successive 
increments  of  load  were  applied  only  once  and  entirely  removed 
each  time.  An  extensometer  could  not  be  used  to  measure  the 
elongation  of  the  rope  because  of  the  rotation  of  the  rope  as  the 
load  was  applied.  Direct  measurements  of  elongations  were  made 
between  two  brass  rings  approximately  50  inches  apart,  attached 
to  the  rope  as  shown  in  Figure  2.     These  were  held  in  place  by 
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Fig.  2.— The  straight  rope  ready  for  test 
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Fig.  3. — Rope  on  the  sheaves  ready  for  test 
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Fig.  4. — Rope  on  the  sheaves  after  test 
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Fig.  5.     ( 'haracU  ristic  failure  oj  a  cast-iron  sheave 

The  large  size  ropes  had  been  tested  on  cast-steel  sheaves 
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four  set  screws  which  pressed  firmly  upon  a  small  strip  of  rubber 
gasket  wrapped  around  the  rope.  The  distance  between  the  rings 
was  measured  to  the  nearest  0.0 1  inch  with  a  steel  scale  at  three 
equidistant  points  on  the  circumference.  The  average  difference 
of  these  readings  was  taken  as  the  elongation.  The  diameter  of 
the  ropes  was  measured  with  a  micrometer  caliper  and  the  read- 
ings were  always  the  largest  diameter  at  a  marked  place  near  the 
midlength  of  the  specimen. 

3.  ROPES  ON  SHEAVES. 

The  pieces  of  rope  tested  on  sheaves  were  about  12  feet  long, 
with  an  open  socket  on  one  end  and  a  closed  one  on  the  other. 
After  placing  the  rope  around  the  two  sheaves  the  sockets  were 
fastened  together.  One  of  the  sheaves  was  supported  by  the 
fixed  head  of  the  testing  machine,  the  other  was  fastened  to  the 
movable  head,  and  the  load  applied  to  the  rope  by  pulling  the 
sheaves  apart.  The  arrangement  is  shown  in  Figure  3,  while 
Figure  4  shows  the  rope  after  it  had  been  broken. 

The  relative  displacement  of  the  sheaves  was  determined  by 
measuring  the  distance  between  the  straps  holding  the  two  sheaves, 
while  the  elongation  of  the  straight  rope  was  measured  between 
brass  rings,  as  shown  in  Figure  3.  Before  the  first  test  on  sheaves 
was  made  it  was  thought  that  the  elongation  of  the  sockets  might 
be  so  great  that  there  would  be  a  tendency  for  the  sheaves  to  turn 
and  equalize  the  tensions.  In  order  to  determine  whether  the 
resistance  of  the  sheaves  to  turning  would  be  enough  to  influence 
the  elongation  of  the  rope  on  the  two  sides,  a  test  was  made  in 
which  measurements  were  taken  on  both  sides.  After  correcting 
for  the  deformation  of  the  sockets  the  unit  elongation  of  the  rope 
was  found  to  be  so  nearly  the  same  on  both  sides  of  the  sheaves 
that  in  all  other  tests  the  elongation  was  measured  on  one  side  only. 

The  wires  of  the  "worn"  rope,  including  those  of  the  rope 
core,  showed  a  lack  of  lubrication,  which  probably  accounted  for 
the  great  wear.  The  construction  of  the  new  ropes  of  the  same 
size  was  slightly  different  from  that  of  the  worn  one,  yet  other 
tests  show  that  the  strengths  of  the  two  samples  should  have  been 
practically  the  same  when  they  were  new. 

Trouble  was  experienced  with  breaking  of  the  sheaves,  particu- 
larly when  testing  the  i-inch  rope,  for  which  cast-steel  sheaves  had 
to  be  obtained.  At  first  cast-iron  sheaves  having  thin  webs  were 
used.  One  of  these,  showing  a  characteristic  failure,  is  shown 
in  Figure  5. 
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III.  RESULTS  OF  THE  TESTS. 
1.  INDIVIDUAL  WIRES. 

The  summary  of  the  results  of  the  tests  of  individual  wires  is 
found  in  Table  i.  All  the  wires  tested,  except  the  filler  wires  in 
the  worn  rope,  showed  a  high  unit  strength  averaging  230,000 
lbs. /in.2  The  average  of  the  maximum  deviations  from  the 
average  tensile  strength  for  every  size  of  wire  is  about  10  per  cent. 
There  is  no  apparent  variation  of  the  tensile  properties  of  the 
wires  with  the  diameter.  The  wires  showed  no  sign  of  failure 
until  the  maximum  load  was  approached,  when  the  local  elonga- 
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Fig.  6. — The  tensile  strength  of  straight  new  rope. 
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tion  and  necking  began,  which  was  quickly  followed  by  rupture. 
The  strength  of  a  wire  was  greatly  decreased  by  a  spot  of  rust, 
a  small  cut,  or  by  a  worn  place.  The  results  of  tensile  tests  of 
individual  wires  agree  with  those  of  the  previous  tests  made  by 
this  bureau  and  reported  in  its  Technologic  Paper  No.  121. 

2.  STRAIGHT  ROPES. 

The  data  obtained  from  the  testing  of  ropes  are  given  in  Tables 
2  and  3,  and  Figure  6.  The  tensile  strength  of  these  ropes  follows 
closely  the  equation  5  =  83,000  d2,  (see  Fig.  6),  where  5  is  tensile 
strength  in  pounds  and  d  the  diameter  of  the  rope  in  inches. 

Figures  7  to  10  show  the  unit  elongation  and  the  reduction  of 
diameter  of  the  rope  under  repeated  loads.     As  previously  stated, 
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repeated  loads  did  not  seem  to  alter  the  maximum  loads,  but  this 
is  not  true  of  the  elongation.  Comparing  Figure  8  (H-inchrope), 
which  may  be  considered  as  representative  of  the  behavior  of  a 
straight  rope  under  continuously  increasing  load,  with  Figure  14, 
we  see  that  the  slope  of  the  load-unit  elongation  curves  under 
repeated  and  increasing  loads  is  not  constant  as  in  Figure  8  but 
changes  with  the  increase  of  load.  Comparison  of  the  data  shown 
in  Figure  8  with  those  for  straight  ropes  under  continuously 
increasing  loads  shows  that  the  repetition  of  load  is  accompanied 
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Fig.    ic. — 7~/z€  wnz*  elongation  and  reduction  of  diameter  of  j^-inch  straight  worn  rope 

under  repeated  loads. 

by  a  greater  unit  elongation  than  in  the  case  when  the  load  is, 
being  increased  continuously. 

From  the  examination  of  Figures  7  to  10  the  following  phe- 
nomena may  be  noticed :  Under  repeated  loading  the  rate  of  the 
change  of  unit  elongation  and  of  the  reduction  of  diameter  decreases 
as  the  load  is  increased  up  to  a  certain  load,  above  which  the  rate 
of  elongation  again  increases  and,  apparently,  more  rapidly  the 
greater  the  load.  It  seems  probable  that  this  change  of  rate  of 
elongation,  represented  by  the  inflection  in  the  load  diagram,  may 
be  of  importance  in  selecting  a  working  load  for  wire  rope.  Al- 
though the  permanent  set  below  this  inflection  is  due  to  readjust- 
ment of  individual  wires  and  strands  and  to  compression  of  the 
rope  core,  with  loss  of  lubricant,  that  beyond  this  inflection  is 
probably  due,  in  part,  to  set  in  the  wires.     Owing  to  the  large 
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load  increments  near  the  inflection,  the  latter  can  not  be  deter- 
mined very  accurately  from  the  curves.  However,  the  apparent 
values  are  given  in  Table  2.  It  is  never  below  56  per  cent  of  the 
ultimate  strength,  and  approaches  probably  65  per  cent,  as  some 
of  the  individual  curves  show.  The  "inflection"  of  ^(-inch  worn 
rope  is  73  per  cent.  Assuming  the  working  load  of  a  straight 
rope  as  one-fifth  of  its  ultimate  strength,  we  find  the  average 
elongation  and  set  after  several  applications  of  this  load,  which 
are  given  in  Table  3. 

Most  of  the  set,  in  both  the  length  and  the  diameter  of  the  rope, 
is  probably  due  to  the  fact  that,  as  the  load  is  applied,  especially 
if  it  is  high,  the  rope  core  is  compressed  and  large  quantities  of 
lubricant  are   squeezed   out.     When    the    load  is  removed  this 


Fig.  11. 


P/ameter    of    Repf,    In 

-Modulus  of  elasticity  of  rope. 


In  "Flgr.  11'   legend 
Interchange     A     and 


A ,  the  modulus  estimated  from  the  total  elongation;  B,  the  modulus  estimated  from  the  elastic  elonga- 
tion only. 

lubricant  remains  on  the  wires  and  is  lost.  After  the  rope  is 
broken  the  core  is  very  compact,  most  of  the  lubricant  having 
been  squeezed  out.  This  indicates  that  for  given  conditions  the 
internal  wear  on  a  hoisting  rope  would  be  very  much  greater  after 
an  unusually  heavy  load  had  been  applied,  even  if  only  once,  since 
the  one  heavy  load  would  squeeze  out  more  of  the  lubricant  from 
the  interior  of  the  rope  than  the  working  load  applied  many  times. 
This  lubricant  can  not  be  easily  replaced.  Under  the  ordinary 
working  load  the  lubricant  would  be  squeezed  out  very  slowly 
even  if  the  load  were  repeated  many  times. 

As  the  elongation  varies  greatly  under  different  loading  condi- 
tions, the  apparent  modulus  of  elasticity  of  the  rope  will  depend 
upon  the  value  of  the  load  which  is  chosen  for  computing  it.  In 
this  discussion  the  modulus  of  elasticity  was  detennined  from 
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load-elongation  diagrams  for  repeated  loading  (specimen  No.  i  for 
each  size,  Figs.  7  to  10).  That  portion  of  the  diagram  which  lies 
immediately  above  the  working  load  and  below  the  inflection 
point  was  used.  The  lower  portion  of  the  diagram  (below  work- 
ing load)  was  omitted,  as  it  contains  the  effect  of  initial  bends 
which  were  eliminated  by  loading  the  rope  repeatedly  up  to  the 
working  load. 

In  Figure  1 1  are  given  two  curves.     One  of  them  represents  the 
values  of  the  modulus  of  elasticity,  estimated  on  the  basis  of  the 
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DIAMETER  OF  THE  ROPE  —  INCHES 

Fig.   i  2 . — The  efficiency  of  the  steel  in  the  straight  ropes. 

total  elongation  (elastic  plus  permanent  set) ,  and  the  other  on  the 
basis  of  elastic  elongation  only. 

The  diameter  of  the  rope  as  well  as  its  length  changes  when  loads 
are  applied.  It  will  be  seen  from  Figures  7  to  10  that  these  changes 
are,  in  a  general  way,  proportional  to  the  changes  in  length,  but 
that  for  repeated  equal  loads  the  diameter  changes  more,  propor- 
tionally, than  the  length.  Part  of  this  change  seems  to  be  per- 
manent. 

The  efficiency  of  the  steel  in  the  straight  ropes  is  shown  in  Fig- 
ure 12.  It  is  about  85  per  cent  and  seems  to  be  independent  of  the 
size  of  the  rope. 
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The  results  of  tests  on  sheaves  are  found  in  Table  4.  In  every 
case  the  strength  of  a  rope  over  sheaves  was  lower  than  that  found 
for  the  straight  rope.  The  strength  decreased  progressively  as  the 
diameter  of  the  sheave  was  reduced. 

The  efficiencies  or  ratios  of  the  strength  on  sheaves  to  the 
strength  in  tensile  test  are  given  in  Figure  13,  where  it  can  be  seen 
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FlG-   13. — The  efficiency  of  the  rope  on  sheaves. 

that  the  lowest  efficiency,  that  for  the  i^-inch  rope  over  10-inch 
sheave,  was  only  76  per  cent. 

The  action  of  the  ropes  under  load  is  shown  in  Figure  14.  Only 
typical  curves  are  shown,  since  the  others,  if  plotted,  would  be 
more  or  less  similar.  The  elongation  of  that  portion  of  the  rope 
which  was  in  contact  with  the  sheaves  was  found  as  the  difference 
between  twice  the  change  of  the  distance  between  the  sheaves  and 
the  elongation  of  the  straight  portion  of  the  rope  (including  the 
sockets) . 

The  elongation  of  the  rope  under  repeated  loads  and  the  varia- 
tion of  the  diameter  with  the  load  were  determined  by  tests  of 
straight  ropes,  so  it  was  thought  unnecessary  to  repeat  these  tests 
when  the  rope  was  on  sheaves.     The  elongation  was  measured  in 
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both  series  of  tests,  but  a  longer  gage  length  was  used  on  the 
straight  ropes.  In  some  cases  low  loads  did  not  straighten  the 
part  of  the  rope  between  the  sheaves,  so  that  the  elongation  may- 
appear  to  be  greater  at  the  beginning  of  each  test.  This  applies 
especially  to  the  largest  ropes  when  tested  on  the  smallest  sheaves. 
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Almost  all  of  the  ropes  broke  at  the  point  where  the  rope  leaves  the 
sheave. 

IV.  CONCLUSIONS. 

1.  The  wires  of  the  new  ropes  showed  high  tensile  strength, 
averaging  about  230,000  lbs. /in.2  The  average  elongation  of  the 
wires  was  about  2  per  cent  and  the  reduction  of  area  about  46  per 
cent.  The  tensile  properties  of  individual  wires  within  the  limits 
of  tests  do  not  vary  appreciably  with  the  diameter  of  the  wire. 

2.  The  efficiency  of  the  steel  in  a  straight  rope  was  about  85  per 
cent  and  seems  to  be  independent  of  the  diameter  of  the  rope. 
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3.  The  tensile  strength  of  the  straight  ropes  follows  closely  the 
equation  S  =  83,000  d2  pounds,  where  5  is  the  strength  and  d  is  the 
diameter  of  the  rope  in  inches. 

4.  The  load  sustained  by  the  worn  rope  was  surprisingly  high 
when  it  is  known  that  all  the  outside  wires  were  worn  and  some  of 
them  were  broken.  Tests  showed  that  the  inside  wires  were  prac- 
tically as  strong  as  new  ones  of  the  same  diameter,  while  the  outside 
wires  were  not  so  strong,  and  always  broke  at  worn  or  rusty  places. 
This  shows  that  a  worn  rope  may  be  much  stronger  than  might  be 
judged  from  its  appearance  and  may  give  satisfactory  service. 
A  worn  rope  should,  of  course,  never  be  used,  if  danger  to  life  or 
great  property  damage  might  result  from  its  failure.  In  every 
case  a  rigid  inspection  should  be  made  at  regular  intervals  wherever 
ropes  are  in  daily  use  or  are  subjected  to  severe  intermittent 
service. 

5.  The  point  of  inflection  in  the  load  diagram  for  straight 
rope  may  be  assumed  at  two-thirds  its  ultimate  strength  for 
new  ropes  and  probably  increases  a  little  with  service. 

6.  Under  tensile  loads  a  rope  undergoes  considerable  elonga- 
tion and  reduction  of  diameter.  The  total  elongation  when 
near  the  breaking  load  was  about  2.5  per  cent  under  the  conditions 
of  the  test  with  repeated  loads.  A  rope  may  be  expected  to 
stretch  appreciably  even  with  low  loads.  The  percentage  of 
reduction  of  diameter  is  higher  than  the  percentage  of  elongation. 

7.  The  modulus  of  elasticity  of  a  steel- wire  rope  may  be  assumed 
to  be  about  8,500,000  lbs. /in.2  for  new  ropes  subjected  for  a 
number  of  times  to  the  repeated  loads  of  about  one-fifth  their 
ultimate  strengths. 

8.  Two  lines  of  rope  over  a  sheave  are  not  twice  as. strong  as 
a  straight  rope,  and  the  strength  decreases  rapidly  as  the  diameter 
of  the  sheave  decreases.  The  highest  stress  in  the  rope  on  a 
sheave  is  probably  at  the  point  where  it  leaves  the  sheave.  This 
is  true  only  when  the  load  is  applied  without  moving  the  sheaves 
after  the  rope  is  placed  upon  them,  for  it  seems  possible  that, 
if  the  sheaves  were  turning,  the  same  stress  might  exist  in  the 
rope  wherever  it  touched  the  sheaves,  since  it  would  then  be 
laid  on  them  at  a  uniform  tension  as  they  turned.  In  these 
tests  the  loads  were  applied  without  turning  the  sheaves  after 
the  rope  had  been  put  in  place. 

9.  All  the  results  obtained  on  the  straight  ropes  and  individual 
wires  are  in  reasonable  agreement  with  the  results  previously 
obtained  by  the  bureau  and  reported  in  Technologic  Paper  No.  121. 
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TABLE  1.— Tensile  Tests  of  Plow  Steel  Wires  Selected  from  6  by  19  Ropes  of  Different 

Diameters. 


Diameter  of  rope  (inches.) 

Diameter 
of  wire. 

Location  of  wire. 

Tensile 
strength. 

Elongation 
in  8  inches. 

Reduction 
of  area. 

% 

Inch. 

0.047 
.050 
.036 

.054 
.058 
.042 

.063 
.065 
.049 

.071 
.075 
.056 

.091 

.094 
.070 

Inside 

Lbs./in.  2 

221.600 
215,750 
211,600 

253, 500 
216,300 
285, 100 

219.700 
225,800 
217,800 

239,000 
232,900 
224, 800 

237.700 
219.800 
228.700 

Per  cent. 
1.82 
1.86 
2.15 

1.85 
2.47 
1.50 

2.02 
1.96 
1.71 

1.82 
2.20 
1.66 

2.21 
2.38 
1.86 

Per  cent. 
50.5 

Outside 

52.5 

....do.... 

52.5 

% 

Inside 

45.5 

43.5 

....do... 

46.0 

y% 

Inside 

48.0 

Outside 

47.5 

do. ... 

50.0 

1   .         

Inside 

47.0 

Outside 

45.5 

do 

49.5 

\yi 

Inside 

44.0 

41.5 

do... 

49.0 

230. 000 

1.96 

46.2 

.052 
.050 
.019 

202,600 

160,300 

70.200 

1.60 
.55 
3.  11 

47.5 

28.5 

Filler 

40.5 

Note. — (i)  The  averages  given  above  are  those  of  12  observations  each,  except  for  filler  wire  in  worn 
rope,  in  which  case  the  number  of  observations  was  6;  (2)  With  few  exceptions  the  fractures  were  half  cups. 

TABLE  2— Tensile  Tests  of  Straight  Ropes. 


Diameter  of  rope 
(inches). 

Load  at 
inflection 

point  on 

load- 
elongation 
diagram. 

Ultimate 
strength. 

Diameter  of  rope 
(inches). 

Load  at 
inflection 

point  on 

load- 
elongation 
diagram. 

Ultimate 
strength. 

y%              

Pounds. 

17,000 
18,000 

Pounds. 

32, 150 
32,310 

1 

Pounds. 
45,000 

55,000 

Pounds. 
82,700 

81,250 

17,500 

32,230 

50,000 

81,980 

114 

%                 

27,000 
27,000 

50,900 
48.450 

72,000 
96,000 

130,450 

» 

130,860 

27,000  |            49,680 

84,000 

130,660 

%             

36.000 
36;  000 

62,900 
62,800 

27,000 
36,000 

35,740 

50,060 

36,000                62  850 

31,500 

42,900 

TABLE  3. — Elongation  and  Permanent  Set  of  a  Straight  Rope  under  Working  Load. 


Diameter  of  rope 
(inches). 

Working 
load. 

Elonga- 
tion. 

Perma- 
nent set. 

Diameter  of  rope 
(inches). 

Working 
load. 

Elonga- 
tion. 

Perma- 
nent set. 

y„ 

Pounds. 
6,450 
9.940 
12,570 

Inches 
per  inch. 

0.0057 
.0058 
.0055 

Inches 

per  inch. 

0.0020 

.0018 

.0018 

1 

1M 

%  (worn  rope) 

'  Pounds. 

!       16,400 

j      26, 130 

8,580 

Inches 
per  inch. 

C.0050 
.0067 
.0029 

Inches 
per  inch. 
0.0017 

% 

.0024 

j£ 

.0001 
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Diameter  of  rope  (inches). 


Diameter  of  sheave  (inches). 


Ultimate 
strength. 


Ratio  of 
ultimate 
strength 
to  that  of 
straight 
rope. 


Ultimate 
strength. 


Ratio  of 
ultimate 
strength 
to  that  oi 
straight 
rope. 


Ultimate 
strength. 


Ratio  of 
ultimate 
strength 
to  that  of 

straight 
rope. 


% 

7A 

1 

1M 

%  (worn  rope) 


Pounds. 
28, 170 
39,840 
51, 470 
65,000 
99,070 
35, 830 


Per  cent. 
87.4 
80.3 
81.9 
79.3 
75.8 
83.5 


Pounds. 
39, 910 
45, 350 
56,300 
71,670 
106, 320 
35,300 


Per  cent. 
96.  0 
91.5 
89.5 
87.5 
81.3 
82.3 


Pounds. 

30,700 
45,  840 
58,  390 
75,  780 
110.630 
34,700 


Per  cent. 
95.3 
92.5 
92.9 
92.5 
84.7 
80.9 


Washington,  December  22,  1922. 


A  RECORDING  CHRONOGRAPH  FOR  THE  INVERSE 
RATE  METHOD  OF  THERMAL  ANALYSIS. 

By  H.  J.  French. 


ABSTRACT. 

This  report  describes  an  apparatus  designed  for  direct  plotting  of  curves  for  the 
inverse  rate  method  of  thermal  analysis  in  which  the  time  interval  required  for  a  defi- 
nite temperature  change  and  the  temperature  are  the  coordinates.  The  fundamentals 
of  its  construction  and  operation  are  described  and  examples  of  typical  curves  produced 
are  included.  There  is  also  given  a  brief  discussion  of  the  advantages  obtained  by  its 
use,  principally  in  reducing  the  time  required  for  determining  transformations  in 
metals  with  equal  or  greater  accuracy  than  when  using  ordinary  types  of  chronographs. 
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I.  INTRODUCTION. 

One  of  the  most  useful  methods  of  thermal  analysis,  whereby 
very  small  arrests  may  be  detected  in  the  heating  and  cooling  of 
metals,  is  that  known  as  the  inverse  rate  method  in  which  the 
time  interval  required  for  a  definite  temperature  change  is  plotted 
against  the  temperature.  Its  limited  application  has  been  due 
largely  to  the  expensive  equipment  required  but  in  part  to  the 
lack  of  suitable  recording  apparatus  for  direct  plotting  of  curves 
in  order  to  eliminate  the  long  and  tedious  processes  involved  in 
their  preparation  from  data  obtained  with  the  usual  types  of 
chronographs. 

A  special  recording  instrument  for  such  work,  designed  by 
Rosenhain,1  has  been  in  use  for  some  time  at  the  National  Physical 
Laboratory  in  England,  but  so  far  as  is  known  by  the  author,  this 
instrument  has  not  been  used  in  the  United  States  and  no  others 
of  a  similar  nature  are  available. 

1  W.  Rosenhain:  Journ.  Inst.  Metals,  13,  p.  160;  1915. 
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The  equipment  and  procedure  employed  heretofore  at  the  Bu- 
reau of  Standards  has  already  been  described  in  detail,2  and  is 
essentially  as  follows : 

A  small  slotted  specimen  of  the  test  metal,  mounted  on  a  plati- 
num— 90  platinum,  10  rhodium— thermocouple  and  placed  in  an 
evacuated  silica  tube,  is  raised  or  lowered  at  a  definite  and  pre- 
determined rate  in  a  tubular  electric  resistance  furnace  which  is 
mounted  in  a  vertical  position.  The  platinum  heating  coil  used 
is  restricted  to  the  upper  end  of  the  furnace,  which  has  a  relatively 
large  thermal  capacity  compared  to  the  sample  being  heated,  and 
is  so  constructed  that  a  gradual  decrease  in  temperature  is  ob- 
tained from  top  to  bottom.  Under  such  conditions  the  rate  of 
temperature  change  to  which  the  metal  is  subjected  is  dependent 
upon  the  rate  at  which  the  specimen  is  moved  up  or  down  in  the 
heating  unit.  This  is  controlled  by  weights  acting  against  an 
adjustable  flow  of  oil  moving  a  plunger  in  a  cylinder.  The  flow 
of  oil  is  regulated  by  a  calibrated  needle  valve,  and  the  plunger  is 
connected  to  the  tube  which  contains  the  test  specimen. 

The  method  employed  with  this  equipment  consists  in  recording 
on  the  usual  type  of  drum  chronograph  the  time  required  for  a 
definite  temperature  change  in  the  specimen,  while  temperature 
measurements  are  taken  by  means  of  the  thermocouple  and  a  dial 
potentiometer.  The  chronograph  records  are  subsequently 
"counted"  and  the  curve  plotted  by  hand  with  time  intervals 
as  abscissas  and  mean  temperatures  during  the  intervals  as 
ordinates. 

In  order  to  eliminate  part  of  the  expensive  equipment  required 
and  at  the  same  time  reduce  somewhat  the  work  of  preparing  the 
graphs,  Merica  3  proposed  the  use  of  stop  watches  to  measure  time 
intervals.  This  method  eliminates  the  "counting"  of  chrono- 
graph records,  but  it  is  still  necessary  to  plot  curves  by  hand,  and 
the  ratio  of  time  consumed  in  this  operation  to  that  actually 
employed  in  making  observations  remains  quite  large. 

Obviously,  the  only  satisfactory  method  for  rapid  production 
of  inverse-rate  curves,  particularly  those  covering  a  wide  range 
in  temperature  when  the  plotting  of  500  to  1,000  points  may  be 
required,  as  shown  in  Figure  7,  is  by  the  use  of  a  direct  plotting 
chronograph,  and  to  meet  this  condition  the  apparatus  shown  in 
Figure  1  was  designed.  Its  use  for  over  four  months  in  deter- 
mining transformations  in  various  carbon  and  alloy  steels  under 

•Scientific  Papers,  No.  348.  J  Scientific  Papers,  No.  336. 
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Fig.   i. — Direct  plotting  chronograph  for  the  inverse  rate  method  of  thermal  analysis. 
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Fig.  2. — Special  switches  used. 
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varying  thermal  treatments  has  shown  it  to  be  well  suited  for 
both  routine  and  research  work  and  has  resulted  in  a  marked 
saving  in  time  and  effort  with  increased  accuracy  in  the  results 
obtained. 

II.  DESCRIPTION    OF   THE    DIRECT    PLOTTING    CHRONO- 
GRAPH. 

The  important  parts  of  the  apparatus,  in  addition  to  suitable 
mountings,  are  (a)  propelling  screws  and  motor  drive,  (6)  carriages 
with  pens  and  contact  arms,  (c)  special  switch,  (d)  electromagnets, 
and  (e)  drum  carrying  the  record  paper. 

Two  screws,  shown  at  Ax  in  Figure  1,  are  driven  at  constant 
speeds  in  opposite  directions  by  motor  A2,  on  which  is  mounted 
a  suitable  governor.  The  upper  screw  brings  both  carriages  for- 
ward when  engaged  by  their  contact  arms,  while  the  lower  one  is 
used  for  return  to  their  starting  points  or  "zero  positions."  By 
means  of  the  gear  reduction  shown  at  G  and  variation  in  the 
pitch  of  the  two  screws  the  return  of  the  carriages  is  made  ten 
times  as  fast  as  their  forward  movement. 

Two  carriages  (shown  at  Bt  and  B2  in  Fig.  1)  are  used.  Each 
carries  a  pen  and  contact  arms  for  engaging  the  propelling  screws 
and  runs  on  an  overhead  track,  which  in  each  case  is  grooved  to 
eliminate  side  play. 

In  order  to  record  continuously  time  intervals,  it  is  necessary 
that  one  carriage  always  be  at  its  zero  position  or  "base,"  ready 
to  start  forward,  when  the  other  is  stopped,  a  record  made  of  its 
position  and  return  to  its  starting  point  begun.  To  accurately 
measure  such  intervals  requires  very  rapid  reversal  of  the  system, 
and  this  is  carried  out  with  the  aid  of  a  special  double-throw 
"gang"  switch  controlling  two  sets  of  electromagnets.  The 
mechanism  of  reversal  is  probably  best  illustrated  diagramatically, 
a  definite  set  of  conditions  first  being  assumed. 

As  indicated  in  Figure  3,  carriage  F  is  moving  away  from  its 
zero  position  (forward) ,  the  contact  arm  A  t  being  engaged  to  the 
upper  propelling  screw.  At  the  same  time  carriage  R  is  returning 
to  base  at  10  times  the  speed  at  which  F  is  going  forward.  It  will 
also  be  noted  from  Figure  3  that  the  "reversing  magnets"  Kx  and 
K2  are  so  arranged  that  when  carrying  current  they  throw  the  con- 
tact arms  of  both  carriages  against  the  "return  screw,"  while  when 
no  current  passes  through  their  respective  circuits  the  springs  St 
and  S2  hold  these  arms  in  contact  with  the  "forward  screw."     It  is 


248  Technologic  Papers  of  the  Bureau  of  Standards.  ivoi  n 

therefore  possible  by  breaking  the  circuit  k2  and  closing  fe,  to  re- 
verse the  system,  so  that  carriage  R  moves  forward  from  its  base 
and  F  returns.  This  change  may  readily  be  handled  by  a  double- 
throw  switch,  the  moving  arm  of  which  travels  through  a  small 
arc.  By  adding  to  it  the  necessary  contact  points  it  is  possible  to 
excite  additional  magnets  operating  auxiliary  equipment,  includ- 
ing the  recording  pens,  which  will  give  a  record  of  carriage  or  pen 
positions  at  any  instant  that  reversal  of  the  system  is  desired. 


FlG  3. — Diagram  showing  fundamentals  of  design  and  operation  of  the  direct  plotting 

chronograph. 

The  return  of  the  carriages  is  quite  rapid,  so  that  the  stops 
placed  at  their  base  positions  are  subjected  to  considerable  impact. 
Tapered  pins  are  used  to  raise  their  contact  arms  into  a  neutral 
position  to  prevent  "stripping"  the  threads  of  the  screws,  and 
there  is  therefore  a  decided  tendency  for  the  carriages  to  rebound. 
To  avoid  this  and  insure  identical  zero  pen  positions  after  each 
return,  additional  magnets  are  placed  at  the  base  stops  and  hold 
the  carriages  in  place  until  they  again  start  forward.     Thus,  six 
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magnets  are  controlled  by  the  special  double-throw  ' '  gang ' '  switch 
which  is  thrown  from  X  to  Y  or  Y  to  X,  depending  upon  its  posi- 
tion at  the  instant  the  operator  desires  reversal. 

As  the  moving  arm  of  the  switch  travels  from  Y  to  X,  for  ex- 
ample, pen  P2  is  depressed  and  a  record  of  its  base  position  ob- 
tained. Because  of  the  small  width  of  contacts  controlling  the 
pen  magnets  the  circuit  p2  is  quickly  broken  and  the  pen  raised, 
thereby  preventing  it  being  dragged  along  the  paper.  Simulta- 
neously circuits  k2  and  z2  are  opened,  resulting  in  the  release  of  the 
carriage  R  by  the  base  magnet  Z3  at  the  same  time  that  the  contact 
arm  is  released  by  magnet  K2  and  pulled  by  spring  S2  against  the 
forward  screw.     When  the  moving 

arm  of  the  switch   reaches  con-      rf u«  **«>**•* 

tacts  zx  and  kY  the  zero  magnet  for      H tu"  "  "*"' "  "*  a 

carriage  F  is  excited,  and  simulta-  *  *\ 

dry 31  QAd        1  \    £ 

neously  the  contact  arm  is  thrown      w#      —  '-v. 
from    forward    into    reverse.     At    5  ^=^" 

the  same  instant  the  pen  Px  is  de-  •■"" 

pressed  by  its  magnet  and  then  ? 

quickly  raised  by  the  breaking  of  \ 


\ 


the  circuit  at  p , .     This  en  tire  cycle 

of  change  requires  less  than  one-  • 

fifth   of   a   second   Under   ordinary      Fig.  4. — Relation  of  drum  movement  to 

conditions.  Pen  Positions- 

To  plot  time  intervals  as  a  function  of  temperature  by  means  of 
the  mechanism  just  described  does  not  offer  any  special  difficul- 
ties. Instead  of  a  drum  rotating  at  a  constant  and  predetermined 
speed,  such  as  is  employed  with  the  usual  type  of  recording  chrono- 
graph, one  is  required  which  can  be  moved  a  fixed  distance  when- 
ever desired.  If  the  distance  between  the  line  of  travel  of  the  two 
pen  points  is  equal  to  x  (Fig.  4)  and  the  first  time  interval  recorded 
in  any  run  is  made  with  pen  B,  then  it  is  not  necessary  to  move 
the  drum  carrying  the  paper  until  after  A  has  recorded  the  second 
interval.  It  should  then  be  moved  in  the  direction  5  a  distance 
equal  to  2x.  This  motion  brings  a  new  point,  b' ',  under  the  pen  B 
and  a  new  point,  a'  under  the  pen  A,  the  lateral  distance  between 
b  and  b'  and  between  a  and  a'  being  23c.  The  proper  motion  of  the 
drum  can  readily  be  effected  by  a  ring  gear  on  the  periphery  of  the 
drum  and  a  simple  mechanical  device  operated  by  an  electromagnet 
as  shown  in  Figure  1 .  As  the  two  pens  alternate  in  recording  time 
intervals  and  rotation  of  the  drum  is  only  required  after  each  second 
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interval,  control  of  the  latter  may  be  added  to  the  special  "gang" 
switch  by  placing  an  additional  contact  point  on  that  side  where 
the  carriage  of  pen  B  of  Figure  3  is  thrown  from  forward  into  re- 
verse. Thus,  time  intervals  are 
recorded  as  abscissas  by  the  move- 
ment of  pens  along  the  axes  of  the 
propelling  screws,  while  tempera- 
tures are  recorded  as  ordinates  by 
means  of  the  intermittent  rotation 
of  the  drum. 

The  procedure  emplo3^ed  with 
this  special  chronograph  is  similar 
to  that  used  with  the  ordinary 
type.  The  operator  sets  the  po- 
tentiometer at  successive  values 
of  emf,  differing  by  equal  in- 
crements, usually  0.02  millivolt, 
but  instead  of  pressing  a  con- 
tact key  at  the  exact  instant  at 
which  the  galvanometer  coil  passes 
through  its  null  position  throws 
the  special  switch,  which  reverses 
the  entire  system. 

III.   TYPICAL     CURVES 
OBTAINED. 

Reproduction  of  typical  curves 
obtained  by  the  use  of  the 
apparatus  is  given  in  Figures  5, 
6,  and  7.  Relatively  minute  ther- 
mal arrests,  such  as  the  A2  trans- 
formation in  pure  iron  (Fig  5), 
which  are  not  readily  observed  ex- 
cept when  using  accurate  methods, 
are  clearly  shown.  The  charac- 
teristics of  different  transforma- 
tions are  also  well  preserved,  as 
is  illustrated  in  Figure  7,  where 
both  "sharp"  and  "rounded  points"  appear.  Likewise  equally 
good  results  are  obtained  when  using  rapid  (Fig.  5)  or  slow 
(Fig.  7)  rates  of  temperature  change. 
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FlG.  5. — Heating  curve  of  pure  iron 
obtained  with  the  direct  plotting  chrono- 
graph. 
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Reproduction  about  one-fourth  size. 
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The  curves  are  not  produced  automatically  and  are  therefore 
still  dependent  upon  the  careful  work  of  an  operator.  They  are, 
however,  less  susceptible  to  errors  arising  purely  from  the  "  human 
element"  than  are  curves  prepared  by  methods  employed  in  hand 
plotting,  as  the ' '  counting ' ' 
of  chronograph  sheets  con- 
taining several  hundred  ob- 
servations, and  the  placing 
of  values  so  obtained  upon 
finely  divided  cross- section 
paper  demands  most  pains- 
taking and  careful  work  to 
prevent  the  introduction  of 
errors. 

Long  and  short  readings, 
resulting  from  delay  in 
throwing  the  switch  as  the 
galvanometer  passes  its 
null  position,  are  not  elimi- 
nated but  are  definitely 
shown  by  reason  of  the 
fact  that  the  resulting 
points  will  be  at  equal  dis- 
tances and  on  opposite 
sides  of  the  true  curve. 
One  or  two  examples  of 
this  are  contained  in  Figure 
7.  However,  errors  intro- 
duced in  the  plotting  are 
avoided. 

A  desirable  feature  of  Fig.  6 
the  curves  is  the  check  ob- 
tained on  the  base  position 
of  both  pens  prior  to  re- 
cording each  time  interval.  This  was  inadvertently  introduced 
with  the  use  of  the  reversing  switch  and  equipment  previously 
described,  but  is  of  considerable  value  in  preventing  introduction 
of  errors  due  to  a  changing  base  line  brought  about  by  loosened 
carriage  or  pen  parts  or  other  causes. 
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Fig.  7.— Heating  and  cooling  curves  of  electrolytic  iron  remelted  under  an  atmosphere  oj 
nitrogen  in  a  zirconium  crucible,  and  to  which  a  small  proportion  of  calcium  has  been 

added.  . 

Reproduction  about  one-fifth  size . 
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IV.  DISCUSSION  OF  CONSTRUCTIONAL  FEATURES  OF  THE 

INSTRUMENT. 

Because  of  the  varying  magnitude  of  thermal  transformations 
a  high  speed  return  of  the  pens  is  necessary.  Usually  long  arrests 
are  followed  by  very  short  intervals,  and  a  condition  may  obtain 
where  insufficient  time  is  allowed  for  one  carriage  to  return  to  its 
base  position  before  it  is  again  required  to  start  forward  to  record 
a  subsequent  interval.  In  general,  a  ratio  of  10  to  1  is  sufficient, 
though  one  or  two  cases  have  already  been  encountered  where  this 
was  not  so.  However,  it  is  questionable  whether  any  additional 
information  of  value  would  be  obtained  by  following  completely 
such  extremely  large  thermal  effects,  though  they  may  readily  be 
recorded  by  increasing  somewhat  the  speed  ratio  referred  to. 

One  of  the  important  features  of  the  equipment  is  the  special 
switch,  several  types  of  which  have  been  tried,  as  shown  in  Figure 
2.  Type  A  was  used  originally  and  was  generally  satisfactory 
except  for  the  rapid  burning  of  the  contacts,  which  required  con- 
siderable attention  to  insure  satisfactory  operation.  A  knife 
switch,  such  as  type  B,  was  tried,  but,  due  to  excessive  arcing  and 
inconvenience  in  operating  it,  was  discarded.  This  type  was 
replaced  by  C,  which  proved  to  be  the  most  desirable  and  has  been 
adopted.  It  is  recognized,  however,  that  the  early  difficulties 
encountered  are  due  to  the  relatively  high  current  necessary  for 
operating  the  magnets  as  originally  constructed,  and  that  by 
rewinding  for  lower  current  such  undesirable  effects  would  be 
largely  eliminated. 

The  recording  pens  are  different  from  those  ordinarily  employed. 
A  two-color  typewriter  ribbon  is  stretched  along  the  line  of  travel 
of  the  pens,  which  consist  of  small  steel  rods  rounded  at  the  ends 
and  mounted  in  suitable  holders.  When  depressed  by  their  mag- 
nets, the  pens  strike  the  ribbon,  which  is  close  to  the  paper,  leaving 
a  small  round  dot.  Thus,  the  use  of  fountain  pens  or  other  types 
containing  liquids,  which  are  not  well  suited  to  the  service  require- 
ments in  this  instrument  and  which  ordinarily  require  a  little 
special  attention,  is  avoided. 

The  original  apparatus  shown  in  Figure  1  was  purposely  made 
larger  than  necessary  in  order  that  adjustments  and  such  changes 
as  might  be  desired  could  more  readily  be  made  in  the  laboratory, 
but  there  is  no  reason  why  a  second  model  should  not  be  made 
smaller  and  portable.  The  width  and  diameter  of  the  drum  may 
be  reduced.     Also,  the  carriages,  propelling  screws,  and  many  of 
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the  mountings  are  larger  than  required,  but  an  adequate  driving 
force  must  be  retained,  as  constant  speed  of  rotation  of  the  screws 
is  one  of  the  essential  features  of  satisfactory  operation.  Engaging 
the  contact  arms  is  accompanied  by  impact  and  results  in  sudden 
changes  in  load  which  must  be  absorbed  by  the  motor  and  governor 
without  noticeable  speed  change  in  the  recording  pens. 

It  is  not  necessary  to  restrict  the  use  of  the  apparatus  to  the 
special  furnace  previously  mentioned,  as  entirely  satisfactory 
curves  for  ordinary  purposes  may  be  obtained  with  any  heating 
unit  in  which  a  moderately  uniform  rate  of  temperature  change 
can  be  produced,  and  under  such  conditions  determination  of 
transformations  may  be  made  in  a  very  short  time.  The  curve 
shown  in  Figure  4  was  obtained  in  about  25  minutes  after  the  test 
sample  was  prepared  by  heating  it  in  air  in  a  small  and  inexpensive 
resistance  furnace. 

Certain  modifications  or  additions  to  the  original  apparatus 
shown  in  Figure  1  are  now  in  progress.  These  include  the  installa- 
tion of  a  simple  mechanism  for  moving  the  typewriter  ribbon  with 
the  drum  in  order  to  distribute  the  wear  resulting  from  pens 
repeatedly  striking  within  a  narrow  zone;  a  shifting  device  for 
more  readily  changing  the  record  from  black  to  red,  instead  of 
interchanging  the  positions  of  spools  carrying  the  two-color  rib- 
bon; a  "base  shift"  for  the  drum,  so  that  heating  and  cooling 
curves  may  be  obtained  side  by  side  instead  of  as  in  the  original 
apparatus,  one  over  the  other,  unless  the  paper  position  was 
changed. 

The  instrument  described  serves  the  same  purpose  as  that  in 
use  in  the  National  Physical  Laboratory,  previously  referred  to. 
However,  two  pens  are  used,  as  suggested  by  O.  F.  Hudson,4 
thereby  obviating  the  necessity  of  providing  compensation  for  the 
time  required  for  a  single  pen  to  return  to  its  base  position.  Also, 
the  use  of  a  typewriter  ribbon  and  solid  steel  bars  for  producing  the 
records  gives  much  less  trouble  than  any  type  of  pen  already  de- 
vised for  the  use  of  liquids  in  producing  curves  by  a  series  of  de- 
tached markings,  and  the  use  of  a  special  double-throw  "gang" 
switch,  which  is  not  much  more  troublesome  to  operate  than  a 
key,  has  simplified  the  electrical  control.  It  is  believed  the  new 
instrument  is  more  simply  and  therefore  more  cheaply  con- 
structed. 

*  See  note  i . 
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TENTATIVE  STANDARD  TEST  METHODS  AND  PER- 
CENTAGES OF  OIL  AND  MOISTURE  IN  HAIR  PRESS 
CLOTHS. 

By  F.  R.  McGowan  and  C.  W.  Schoffstall. 


ABSTRACT. 

Hair  press  cloth  is  used  in  the  oil-pressing  industries  in  the  extraction  of  the  oil  from 
the  pulpy  matter.  Hair  fibers  are  more  generally  used  than  others  on  account  of  the 
resiliency  required.  Since  the  fabric  is  bought  on  a  weight  basis,  the  moisture  and 
oil  which  are  added  to  permit  efficient  manufacturing  become  important  items.  This 
paper  outlines  means  of  ascertaining  the  various  contents.  The  petroleum  ether 
extraction  method  is  used  for  obtaining  the  oil  content.  The  results  of  testing  27  sam- 
ples are  given.  The  standard  percentages  obtained  are  as  follows:  Moisture,  11  per 
cent;  oil,  5  percent;  water-soluble  material,  1%  percent. 
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I.  INTRODUCTION. 
1.  DESCRIPTION  OF  FABRIC. 

Press  cloth  is  a  heavy  textile  fabric  made  from  various  kinds  of 
combinations  or  textile  fibers,  generally  hair  fibers.  This  cloth 
ranges  up  to  a  half  inch  in  thickness  and  is  usually  made  13 
inches  in  width.  Because  of  its  great  strength  and  porosity  it  is 
used  to  advantage  principally  in  the  presses  of  the  oil-pressing 
industries. 

257 
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2.  USE  OF  FABRIC. 

The  type  of  press  most  commonly  used  in  this  country  in  the 
production  of  cottonseed  oil  is  the  "steel  box-frame  hydraulic," 
which  operates  under  a  pressure  against  the  ram  of  between  4,500 
and  5,000  lbs. /in.2  which  in  turn  exerts  a  pressure  of  approximately 
2,000  lbs./in.2  on  the  cakes  of  material  being  pressed.  Such  a 
press  consists  of  a  series  of  horizontal  steel  plates  about  14  inches 
wide  by  34  inches  long,  set  one  above  the  other  about  5  inches 
apart  when  the  press  is  fully  open.  The  plates  are  usually  perfo- 
rated or  channeled  and  provided  with  closely  fitting  steel  sides, 
so  that  the  whole  machine  is  really  a  series  of  steel  boxes,  without 
ends,  piled  one  upon  another,  the  lowest  box  resting  upon  a  hy- 
draulic piston.  Above  the  top  frame  is  a  heavy  iron  plate  fas- 
tened to  the  piston  cylinder  by  four  vertical  rods,  which  serve  as 
guides  for  the  sliding  frames. 

With  the  press  fully  open — that  is,  with  the  piston  at  its  lowest 
point — a  measured  charge  of  cooked  meal  is  dropped  from  a  sub- 
heater  or  holder  upon  a  strip  of  press  cloth  in  the  cake  former. 
This  cake  former  is  a  steel  block  with  a  shallow  groove,  the  size  of 
a  single  press  box.  It  is  so  constructed  that  after  the  meal  has 
been  run  upon  the  press  cloth  and  the  two  ends  turned  up  over  the 
charge,  pressure  can  be  applied  from  above  or  below  and  the 
cake,  now  covered  with  the  cloth,  except  on  its  two  sides,  can  be 
subjected  to  a  preliminary  squeeze  to  compact  it  into  shape. 
After  applying  pressure  for  an  instant,  a  sheet  of  steel  the  width 
of  the  groove  is  slid  underneath  the  cake,  which  is  then  removed, 
cloth  and  all,  from  the  cake  former  and  pushed  into  the  lowest 
frame  of  the  press. 

One  after  another  the  boxes  of  the  press  are  thus  charged  until 
it  is  filled.  The  pressure  is  then  applied  to  the  hydraulic  ram, 
forcing  the  frames  upward  each  against  the  one  above.  The  oil 
as  it  is  squeezed  from  the  cloths  flows  down  over  the  sides  of  the 
press  into  a  gallery  around  the  bottom  frame  and  out  through 
troughs  to  the  settling  system. 

3.  MATERIALS  USED. 

The  use  to  which  this  press-cloth  material  is  put  requires  that 
the  cloth  have  great  strength  and  resiliency.  This  latter  factor 
has  made  it  desirable  to  use  hair  fibers  to  a  large  extent.  Of 
these  hairs  camel  hair  seems  to  be  used  most,  and  human,  horse, 
goat,  mohair,  and  other  hairs  have  been  adopted  with  varying 
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degrees  of  length  and  satisfaction  of  service.     There  is  also  some 
wool  press  cloth  in  use. 

Previous  to  the  war  approximately  90  per  cent  of  the  camel's 
hair  used  by  American  press-cloth  manufacturers  was  of  the  aver- 
age grade  of  Russian  camel  hair  and  the  remainder  of  Chinese 
camel  hair.  The  war,  however,  prevented  the  importation  of  the 
Russian  product  and  forced  the  American  manufacturers  of  camel 's- 
hair  press  cloth  to  use  the  Chinese  grade.  Human  hair  is  imported 
principally  from  China  and  Italy.  Horse  hair  is  a  substitute 
for  human  hair,  but  is  used  in  very  limited  quantities.  Since  it 
has  not  proved  entirely  satisfactory,  goat  hair  is  used  in  large 
quantities  in  the  manufacture  of  the  so-called  gray  wool  press 
cloth,  which  contains  10  to  50  per  cent  of  goat  hair. 

4.  EXTENT  OF  USE. 

It  was  found  that  there  are  seven  manufacturers  of  press  cloth 
in  the  United  States,  and  the  total  number  of  users  varies  from 
575  to  650.     During  the  war  there  were  over  800  users. 

There  are  no  available  records  of  the  number  of  pounds  of  press 
cloth  in  use,  but  the  following  estimation  will  give  some  idea  of 
the  extent  of  the  industry.  It  is  the  experience  of  several  of  the 
larger  cottonseed  oil  companies  that  it  takes  half  a  pound  of  press 
cloth  for  each  ton  of  cotton  seed  worked.  The  amount  varies 
with  the  different  mills,  some  using  more,  some  less,  but  half  a 
pound  may  be  considered  a  fair  estimate.  This  year  3,000,000 
tons  of  cotton  seed  will  be  crushed  as  against  4,500,000  tons  in 
normal  years.  This  year's  press-cloth  requirements  will  be  about 
1,500,000  pounds  for  cottonseed  oil  mills.  The  amount  of  cloth 
used  by  other  users  for  filtering  and  pressing  would  probably 
bring  the  total  production  of  press  cloth  in  this  country  per  year 
for  the  past  several  years  to  about  3,500,000  pounds.  This  covers 
the  crushing  of  copra,  peanuts,  palm  kernels,  charlock,  mustard 
seed,  and  cocoa  seed,  as  well  as  cotton  seed  and  soya  beans,  and 
allows  for  that  used  for  filtering  purposes  and  in  the  confectionery 
trade. 

II.  REASONS  FOR  INVESTIGATION. 

The  ultimate  cost  of  press  cloth  has  always  been  of  vital  interest 
to  millmen,  and  there  is  a  vast  range  of  price  between  the  greatest 
and  least  cost.  This  variation  results  from  a  number  of  causes — 
improper  handling,  storage  and  cleaning  of  seeds,  improper  linting, 
separation,  crushing,  cooking,  forming,  or  pressing  of  the  meal  all 
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influence  the  wear  and  tear  on  the  cloth.  This  interest  in  the  serv- 
ice, and  hence  the  cost  of  the  press  cloth,  brought  about  the  present 
investigation. 

It  is  a  well-known  fact  that  all  textile  material  is  influenced  in 
its  properties  by  atmospheric  moisture.  The  effect  of  the  moisture 
on  the  weight  is  of  interest  in  this  connection.  Various  other 
textile  branches  have  taken  up  the  problem  of  moisture  content 
in  relation  to  weight.  The  silk  industry,  owing  to  the  high  cost 
per  pound  of  its  product,  has  formed  a  very  comprehensive  system 
of  transacting  sales  on  a  standard  moisture  basis.  It  has  been 
found  very  advantageous  in  this  instance  to  set  a  standard  moisture 
content  and  to  buy  on  that  basis.  It  is  recognized  that  the  mate- 
rial always  contains  some  moisture  under  ordinary  conditions,  so 
that  in  transactions  on  a  weight  basis  it  was  considered  desirable 
to  agree  upon  some  standard  moisture  condition  and  to  allow  the 
percentage  of  moisture  which  was  contained  in  the  material  at  that 
condition.  The  silk  interests  are  not  alone  in  following  out  such 
a  project,  for  definite  standards  have  been  fixed  and  adhered  to 
more  or  less  for  transactions  in  wool,  cotton,  and  various  other 
fibers.  It  is  true  that  this  condition  seems  to  be  more  prevalent 
in  Europe  than  in  the  United  States,  and  for  that  reason  indica- 
tions point  to  the  fact  that  the  American  textile  interests  are 
somewhat  negligent  in  not  giving  this  factor  more  consideration. 
The  United  States  Government  in  its  specifications  has  taken 
cognizance  of  the  influence  of  moisture  on  properties  of  cloth,  and 
it  is  hoped  that  the  textile  trade  will  soon  come  to  do  so  also. 

The  question  of  moisture  content  in  its  relation  to  selling  is  quite 
frequently  misunderstood.  In  earlier  days  in  the  textile  trade 
unscrupulous  dealers,  recognizing  the  ability  of  textile  fibers  to 
absorb  moisture,  took  advantage  of  this  by  sprinkling  or  adding 
moisture  in  some  way  before  the  material  was  weighed.  This 
practice  fortunately  has  lessened,  but  there  still  remains  the  natural 
increase  or  decrease  in  weight  due  to  changes  in  the  humidity 
conditions  of  the  atmosphere  which  are  involved  in  transactions 
made  where  this  atmospheric  moisture  is  disregarded.  Much  of 
the  opposition  to  moisture  determinations  developed  from  the 
fact  that  tests  of  this  nature  bring  to  buyers  and  sellers  visions  of 
large  and  expensive  humidity  regulating  devices  at  their  plants 
with  the  resulting  additional  expense.  The  test  outlined  later  in 
this  paper  would  not  involve  more  than  the  slight  additional 
trouble  of  packing  and  sending  the  sample  to  some  easily  accessible 
laboratory  for  tests  for  moisture  content.     Some  press-cloth  manu- 
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facturers  also  look  upon  this  as  an  infringement  on  their  methods  of 
manufacturing,  but  here  again  it  can  be  stated  that  the  manufac- 
turer might  pass  his  material  through  any  series  of  wet  processes 
and  all  the  requirements  would  be  met  by  adjusting  the  selling 
weight  to  that  moisture  content  which  would  be  permitted  under 
normal  conditions. 

The  percentage  of  oil  content,  while  mostly  a  manufacturing 
problem,  is  also  of  primary  importance  to  the  buyer  of  press 
cloth.  Hair  fibers  similar  to  wool,  in  their  natural  state,  contain 
oil  excreted  at  the  roots  of  the  hair  fibers,  and  this  often  mixes 
with  the  perspiration  and  dirt  to  form  a  coating  over  the  fiber. 
In  the  wool  industry  this  is  entirely  removed  by  scouring  to 
improve  the  feel  and  appearance  of  the  fibers,  to  permit  more 
efficient  manufacturing  processes,  and  to  enable  the  fiber  to  take 
the  dye.  Some  press-cloth  fibers  have  also  been  scoured,  but  the 
expediency  of  scouring  is  open  to  question  as  to  whether  the 
additional  expense  caused  by  shrinkage  in  weight  and  labor 
involved  is  counterbalanced  by  the  better  qualities  of  the  press- 
cloth  material.  It  must  also  be  considered  that  the  removal  of 
all  the  natural  oil  causes  the  fibers  to  lack  adhesiveness  and 
increases  waste  or  flyings.  It  is  necessary  then  to  add  a  certain 
amount  of  oil  before  the  carding  process.  This  is  later  removed 
in  the  case  of  wool  manufacturing,  so  that  the  finished  product 
is  free  from  oil.  In  the  case  of  hair  press  cloth,  however,  we  find 
either  the  natural  oil  plus  some  of  the  additional  oil  or,  if  the  fiber 
were  previously  scoured,  this  added  oil  alone  remains.  This 
condition  involves  a  point  of  argument. 

From  the  manufacturer's  standpoint  it  is  admittedly  neces- 
sary to  add  oil  to  permit  efficient  manufacturing.  It  is  also  con- 
sidered impracticable  because  of  the  additional  expense  involved 
in  scouring  the  finished  press  cloth.  Each  manufacturer  has 
different  ideas  as  to  what  kind  of  oil  and  how  much  is  needed. 

According  to  the  user's  views,  however,  this  oil  is  unnecessary 
in  the  work  in  which  the  press  cloth  is  used,  since  the  fabric  is 
working  with  oil.  He  points  out  that  since  the  oil  is  not  essential 
in  his  work,  and  since  press  cloth  is  bought  by  weight,  his  interest 
demands  that  the  amount  of  oil  put  into  the  fabric  be  minimized 
to  eliminate  the  buying  at  press-cloth  prices  of  a  material  which  is 
of  no  value.  As  this  oil  is  not  actually  detrimental  except  in 
extremely  isolated  cases,  it  would  seem  advantageous  to  ascertain 
and  deduct  from  the  gross  weight  the  average  percentage  of  oil 
in  a  shipment  rather  that  to  run  the  cloth  through  the  scouring 
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process.  Rather  than  deduct  the  entire  oil  content  it  has  been 
suggested  that  a  certain  permissible  percentage  of  oil  be  fixed  as 
standard  which  will  allow  the  manufacturer  to  add  such  oil  as  is 
necessary  for  proper  manufacturing  and  permit  any  excess  to  be 
subtracted  from  the  weight  of  the  shipment.  It  was  for  the 
purpose  of  having  this  oil  standard  as  well  as  moisture  content 
standard  fixed  satisfactorily  for  manufacturer  and  user  alike  that 
this  matter  was  brought  to  the  attention  of  this  bureau  by  one 
of  the  largest  users  of  this  material. 

In  a  preliminary  study  of  this  problem  a  search  through  the 
various  sources  of  information  revealed  very  little  data  or  informa- 
tion that  would  aid  in  its  solution.  It  was  found  that  various 
oil-pressing  mills  were  testing  or  having  tested,  with  varying 
results,  samples  of  the  cloths  which  were  purchased.  It  was 
noted  that  several  methods  of  tests  were  in  vogue,  and  this  led  to 
confusion.  Moisture  content  was  determined  as  received  at  the 
testing  house,  and  there  was  no  attempt  to  have  the  test  samples 
delivered  in  moisture-tight  packages,  so  as  to  prevent  changes 
in  moisture  condition  between  the  weighing  room  and  the  test 
room.  Determinations  of  moisture  content,  to  be  of  any  value 
whatever,  should  show  the  percentage  of  moisture  present  at  the 
time  of  the  weighing  on  which  payment  is  based.  The  oil  content 
with  the  exception  of  any  slight  evaporation  would  remain  the 
same,  so  that  the  standardization  of  methods  of  determination 
would  be  all  that  is  necessary  to  afford  uniform  results. 

III.  PURPOSE  OF  INVESTIGATION. 

The   purposes   of  the   investigation   were:  (1)  To  formulate   a 

method  of  sampling.     (2)  To  formulate  a  method  of  procedure  for 

ascertaining  the  percentage  of  oil  in  the  sample.     (3)  To  formulate 

a  method  of  procedure  for  ascertaining  the  percentage  of  moisture 

in   the    sample.     (4)  To   formulate   a  method    of   procedure   for 

ascertaining    the    percentage    of    water-soluble    material    in    the 

sample.     (5)  To  ascertain  by  these  methods  the  amounts  of  oil 

moisture,  and  water-soluble  material  in  various  commercial  press 

cloths. 

IV.  PROCEDURES  FOR  TESTING. 

1.  PROCEDURE  FOR  SAMPLING  PRESS  CLOTH. 

Two  samples  at  least  6  inches  in  length  by  the  width  of  the 
material  shall  be  taken  from  different  parts  of  each  roll  at  the  time 
when  the  weight  for  which  payment  is  made  is  taken.     These 
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samples  shall  be  placed  immediately  in  a  moisture-tight  container. 
Send  to  a  testing  laboratory  for  test. 

2.  PROCEDURE  FOR  ANALYSIS. 

(a)  Moisture  Content.  —  (1)  Unseal  the  container  and  as 
quickly  as  possible  take  specimen  (3  by  3  inches,  approximately) 
and  weigh  to  the  nearest  milligram  (Wt.  1).  (2)  Place  in  a  drying 
oven  which  maintains  a  temperature  of  about  1050  C.  for  from 
four  to  six  hours.  (3)  Place  in  desiccator  until  cool.  Weigh. 
(4)  Repeat  2  and  3  until  weight  checks  within  0.5  of  a  milligram. 
Record  last  weight  (Wt.  4) . 

Calculations — 
(Wt.  i)-(Wt.  4) 

(Wtl) XIOO=* 

Where 

(x)  =  (percentage  of  moisture  contained  in  the  submitted  sample). 
Then 

(x)  —  (the  standard  permissible  moisture  content)  =  ±y 
Where 

(y)  =  (per  cent  moisture  content  difference  between  the  standard 
permissible  moisture  content  and  the  amount  of  moisture 
actually  in  the  shipment) . 

To  reduce  the  weight  of  the  roll  to  the  standard  permissible 
moisture  content: 

.     „    '      T  .  I  Weight   based  on    the  material 

Wt.  of  roll  -  (Wt.  X  x)  .   .   .        ,       ,      .  .    .,  t 

X  100=  1    containing  standard  permissible 

100  —  y  .  '  r 

\   moisture. 

(b)  Oil  Content. — (1)  Take  a  sample  (3  by  3  inches,  approxi- 
mately) and  weigh  to  the  nearest  milligram  (Wt.  1).  (2)  Extract 
with  petroleum  ether  in  a  Soxhlet  tube  for  five  hours.  (3)  Evapo- 
rate the  solvent  until  thoroughly  dry.  (4)  Place  the  residue  in  a 
desiccator  until  cool.  Weigh  (Wt.  4).  (5)  Treat  with  10  cc  of  a 
50  per  cent  solution  of  sodium  hydroxide  and  50  cc  of  alcohol. 
(6)  Boil  the  mixture  for  30  minutes  and  allow  to  cool.  (7)  Place 
in  a  separator  and  add  low  boiling  petroleum  ether  and  shake. 
This  dissolves  out  the  mineral  oil.  (8)  Draw  the  aqueous  solution 
from  the  separator.  (9)  Repeat  (7)  and  then  (8)  on  the  remainder 
after  the  aqueous  solution  is  drawn  off.  (10)  Unite  these  two 
pertroleum  ether  mineral-oil  solutions  (9)  and  (7)  and  wash  with 
alcohol.  (11)  Evaporate  off  the  petroleum  ether.  (12)  Dry  the 
residual  mineral  oil  at  ioo°  C.  (13)  Place  in  a  desiccator  until 
cool,  then  weigh  (Wt.  13). 

26111°— 23 2 
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ns — 
X  100  =  oil  content  (per  cent). 


Calculations- 
(Wt.  4) 


(Wt.  1) 

)      ' — ^  x  100  =  mineral  oil  content  (per  cent). 
(Wt.     1) 

(Wt.  4)  -  (Wt.  13)  -  (Wt.  of  fatty  oil). 

(Wt.  of  fatty  oil)  f  .        .,         ,      .   .  .. 

-pr^r- — f- — -  x  100  =  fatty  oil  content  (per  cent). 

(Wt.  1) 

(Note. — An  average  of  two  tests  from  each  submitted  sample 
shall  be  taken.) 

'  (c)  Water-Soluble  Material. — (1)  Take  the  sample  from 
which  the  oil  is  extracted  by  petroleum  ether.  (See  Oil  content 
(2).)  (2)  Wash  with  warm  (400  C.)  distilled  water.  (3)  Evapo- 
rate the  extracts  to  dryness.     (4)  Cool  the  dry  residue  and  weigh 

(Wt.  4)- 

Calculation — 

(Wt.  4)  _  (water-soluble  material 

(Wt.of  sample  (oil  content  1))  X   IO<        (         (percent). 
(Note. — An  average  of  two  tests  from  each  submitted  sample 
shall  be  taken.) 

(d)  Fiber  Identification. — Examine  the  extracted  and  cleaned 
fibers  under  the  microscope  and  compare  with  authentic  standard 
samples. 

V.  DISCUSSION  OF  PROCEDURES. 

1.  MOISTURE  CONTENT. 

Much  of  the  argument  against  fixing  standard  percentages  of 
oil  and  moisture  contents  arises  from  the  difficulty  of  obtaining 
representative  samples.  One  test  of  the  variation  in  a  single  roll, 
the  results  of  which  were  sent  to  the  bureau  by  a  user  of  this 
material,  showed  the  following: 


Outside  end. 

Center 

Inside  end... 


Moisture 


Per  cent. 
8.40 
9.40 
9.70 


Oil. 


Per  cent. 
7.60 
7.66 
9.00 


These  results  show  that  the  variation  of  moisture  content 
between  the  center  and  the  inside  end  is  much  smaller  than  the 
variation  between  the  center  and  outside  end.  This  is  probably 
caused  by  the  fact  that  the  last  turn  from  which  the  samples 
were  taken  to  obtain  test  results  as  shown  under  outside  end 
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was  more  exposed  to  the  air,  thus  permitting  evaporation.  This, 
together  with  the  fact  that  the  extreme  inside  end  has  little 
exposure  to  the  air,  seems  to  make  it  undesirable  to  cut  the 
sample  from  either  end.  In  order  that  the  cost  of  sampling  be 
not  increased  by  reason  of  making  parts  of  the  roll  unfit  for 
use,  it  is  suggested  that,  since  the  press  cloth  is  to  be  cut  into 
smaller  pieces,  samples  should  be  taken  after  several  of  these 
pieces  have  been  cut  from  the  roll.  Thus,  if  the  press  cloth  is 
to  be  used  in  36-inch  lengths,  a  sample  could  be  taken  after  3 
yards  have  been  taken  from  the  roll  under  consideration  and 
another  after  10  or  15  yards  have  been  taken.  The  waste  result- 
ing in  this  way  would  be  only  that  of  the  sample  itself. 

2.  OIL  CONTENT  AND  WATER-SOLUBLE  MATERIAL. 

The  procedures  suggested  are  believed  to  be  a  thorough  and 
accurate  means  for  determining  the  oil  and  moisture  content. 
Criticism  of  this  method  was  offered  by  one  of  the  manufacturers 
on  the  grounds  that  the  natural  grease  or  yolk  contained  in  the 
walls  of  the  fiber  is  extracted.  This  manufacturer  suggested 
that  the  bureau  use  what  he  called  ' '  the  usual  method  for  testing 
for  oil  as  followed  by  the  trade  and  European  conditioning 
houses."     This  method  he  stated  as  follows: 

The  material  is  tested  for  moisture  first,  and  when  the  absolute  dry  weight  is 
ascertained  the  sample,  so  arranged  that  no  fibers  can  escape,  is  carefully  washed  in 
water  at  1200  F.  containing  a  small  amount  of  good  soap  and  a  mild  alkali  (preferably 
ammonia)  and  then  thoroughly  rinsed  and  again  dried  to  a  constant  weight.  The 
percentage  loss  in  weight  during  washing  is  the  oil  content. 

A  comparison  of  this  suggested  method  with  the  one  adopted 
by  the  bureau  gave  the  following  results: 


Human  hair. 

Camel  hair. 

Suggested 
method. 

Bureau 
method. 

Suggested 
method. 

Bureau 
method. 

Fatty  oil 

Per  cent. 

Per  cent. 

0.30    0.06 

2.27    2.28 

.63      .49 

Per  cent. 

Per  cent. 

0 

12  2 

5  4 

Total 

2.95    2.70     3.20    2  83 

17.4 

17  6 

It  is  noted  that  these  tests  bring  out  the  following  points:  The 
bureau  method  shows  the  content  of  fatty  oil,  mineral  oil,  and 
water-soluble  material  separately,  while  the  suggested  method 
gives  the  total  of  these.     Although  the  difference  between  the 
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totals  as  determined  by  the  two  methods  is  very  small  and  may 
well  be  within  the  probable  variation  in  different  parts  of  the 
sample,  the  fact  that  the  bureau  method  gives  higher  results 
seems  to  indicate  that  it  more  thoroughly  extracts  these  sub- 
stances from  the  material.  The  suggested  method  offers  no 
indication  as  to  whether  this  is  made  up  of  all  water-soluble 
material  or  all  oil  or  what  type  of  oil.  The  suggested  method 
requires  more  care  in  order  to  obtain  accurate  results,  and  there 
is  always  doubt  lest  some  of  the  oil  may  remain  unextracted, 
because  much  depends  on  the  skill  and  experience  of  the  operator. 

VI.  RESULTS  OF  TESTS. 

In  order  to  ascertain  the  various  percentages  of  foreign  materials 
in  commercial  press  cloths,  27  samples  of  the  different  types  of 
press  cloths  were  secured  on  which  results  were  obtained  as  shown 
in  Table  1 . 

TABLE  1. — Chemical  and  Microscopical  Results. 


Moisture  content. ' 

Mill 

Mineral 

Fatty 

Total 

Water 

Total  2 
foreign 

Fiber  analysis. 

Fiber 

No. 

diam- 

No. 

oil. 

oil. 

oil. 

(a) 

(b) 

soluble. 

ingredi- 

eter. 

Unex- 

Ex- 

ents. 

tracted. 

tracted. 

Mi- 

Per cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

crons.3 

1 

1 

5.81 

1.81 

7.62 

12.79 

9.60 

5.91 

26.32 

Camel  hair... 

58 

2 

1 

.68 

7.46 

8.14 

9.98 

8.19 

5.33 

23.45 

Human  hair. 

118 

3 

2 

1.70 

.64 

2.34 

12.73 

8.89 

.84 

15.91 

do 

101 

4 

2 

1.63 

.74 

2.37 

12.63 

9.57 

1.14 

16.14 

do 

72 

5 

3 

3.18 

2.87 

6.05 

11.86 

9.71 

5.04 

22.95 

do 

91 

6 

4 

None. 

7.62 

7.62 

11.23 

9.16 

3.69 

22.54 

do 

110 

7 

5 

Trace. 

3.78 

3.78 

12.08 

8.66 

1.82 

17.68 

Camel  hair. . . 

51 

8 

5 

.89 

3.77 

4.66 

12.55 

10.25 

1.19 

18.40 

Mohair  or 
wool. 

36 

9 

6 

4.67 

.37 

5.04 

12.05 

7.56 

4.41 

21.50 

Camel  hair... 

128 

10 

6 

3.31 

1.40 

4.71 

12.33 

11.12 

3.71 

20.75 

do 

62 

11 

6 

2.41 

3.10 

5.51 

12.46 

7.93 

4.00 

21.97 

do 

52 

12 

6 

1.31 

3.83 

5.14 

13.04 

7.32 

1.61 

19.79 

Goat  hair 

92 

13 

6 

1.38 

4.68 

6.06 

12.48 

9.71 

1.83 

20.37 

do 

101 

14 

6 

2.16 

3.23 

5.39 

12.68 

7.42 

1.68 

19.75 

do 

118 

15 

6 

4.20 

2.23 

6.53 

12.41 

7.28 

2.31 

21.15 

Human  hair. 

101 

16 

6 

4.12 

1.18 

5.30 

12.27 

9.74 

1.73 

19.30 

do 

92 

17 

6 

3.76 

1.35 

5.11 

12.13 

11.30 

5.09 

22.33 

do 

82 

18 

4 

None. 

5.52 

5.52 

12.33 

10.81 

.97 

18.82 

Mohair 

46 

19 

4 

None. 

6.92 

6.92 

11.55 

11.97 

1.16 

19.63 

do 

35 

20 

4 

None. 

5.26 

5.26 

12.13 

11.27 

4.57 

21.96 

Camel  hair... 

52 

21 

4 

None. 

7.75 

7.75 

11.26 

10.51 

4.88 

23.89 

do 

79 

22 

4 

None. 

10.90 

10.90 

11.11 

9.79 

5.01 

27.02 

do 

52 

23 

4 

None. 

4.49 

4.49 

10.31 

9.29 

4.36 

19.16 

Human  hair.. 

87 

24 

4 

None. 

6.41 

6.41 

10.96 

10.58 

3.70 

21.07 

Human  and 
camel  hair. 

97 
45 

25 

4 

None. 

5.34 

5.34 

10.86 

10.37 

2.84 

19.04 

Camel  hair... 

36 

26 

4 

None. 

4.40 

4.40 

10.71 

9.37 

2.70 

17.84 

do 

35 

27 

4 

None. 

6.71 

6.71 

11.41 

10.11 

2.54 

20.66 

Human  hair. 

66 

Average. 

1.53 

4.21 

5.74 

11.86 

9.54 

3.11 

20.72 

1  "Extracted"  and  "unextracted"  refer  to  the  condition  of  the  fiber  when  the  test  was  run, 
meaning  that  the  oil  and  water-soluble  had  been  extracted. 
1  Total  oil,  water-soluble,  moisture  (a). 
3  A  micron  is  o.ooi  of  a  millimeter. 


extracted 
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Moisture  content. 

Mineral 
oU. 

Fatty 
oil. 

Total 
OU. 

Water- 
soluble. 

Total 

Mill  number. 

(a)             (b) 

foreign 
ingre- 

Unex- 

Extrac- 

dients.1 

tracted. 

ted. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

1 

3.24 

4.64 

7.88 

11.39 

8.90 

5.62 

24.89 

2 

1.67 

.69 

2.36 

12.68 

9.23 

.99 

16.03 

3 

3.18 

2.87 

6.05 

11.86 

9.71 

5.04 

22.95 

4 

.0 

6.48 

6.48 

11.26 

10.29 

3.31 

21.06 

5 

.45 

3.78 

4.22 

12.32 

9.46 

1.51 

18.04 

6 

3.04 

2.38 

5.41 

12.  43            8.  82 

2.93 

20.77 

1  Total  oil,  water-soluble,  moisture  (a). 

TABLE  3.— Averages  of  Different  Fibers. 


Total 
oil. 

Moisture  content. 

Water- 
soluble. 

Total 

Fiber. 

(a) 
Unex- 
tracted. 

(b) 
Extrac- 
ted. 

foreign 
ingre- 
dients.1 

Camel 

Per  cent. 

6.03 
5.46 
5.53 
5.70 

Per  cent. 
11.78 
11.70 
12.73 
12.14 

Per  cent. 

9.62 
9.32 
8.15 
11.01 

Per  cent. 

3.99 
3.21 
1.71 

1.11 

Per  cent. 

21.80 

Wumiin 

20.36 

Goat 

19.97 

Mohair 

18.95 

1  Total  oil,  water-soluble,  moisture  (a). 

TABLE  4. — Variations  from  Averages. 


Number. 


Mill 
No. 


Mineral 
oil. 


Fatty 
oil. 


Total 
oil. 


Moisture  content. 


(a) 
TJnex- 
tracted. 


Ex- 
tracted. 


Water- 
soluble. 


Total 
foreign 
ingre- 
dients.1 


1 
2 

3 

4 

5 

6 
7 

8 
9 
10 

11 
12 
13 
14 
15 

16 
17 

18 
19 

20 
21 
22 
23 

24 
25 
26 
27 


Per  cent, 

4.28 

-.85 

.17 

.10 

1.65 

-1.53 

-1.53 

-.64 

3.14 

1.78 

.88 
-.22 
-.15 

.63 
2.67 

2.59 

2.23 

-1.53 

-1.53 

-1.53 
-1.53 
-1.53 

-1.53 

-1.53 
-1.53 
-1.53 
-1.53 


Per  cent 

-2.40 

3.25 

-3.57 

-3.47 
-1.34 

3.41 
-.43 
-.44 
-3.84 
-2.81 

-1.11 

-.38 

.47 

-.98 

-1.98 

-3.03 

-2.86 

1.31 

2.71 

1.05 

3.54 

6.69 

.28 

2.20 
1.13 
.19 
2.50 


Per  cent. 

1.88 

2.40 

-3.40 

-3.37 

.31 

1.88 

-1.96 

-1.08 

-.70 

-1.03 

-.23 
-.60 

.32 
-.35 

.69 

-.44 
-.63 
-.22 
1.18 

-.48 
2.01 
5.16 

-1.25 

.67 

-.40 

-1.34 

.97 


Per  cent. 

0.93 

-1.88 

.87 

.77 
.0 

-.63 
.22 
.69 
.19 
.47 

.60 
1.18 
.62 

.82 
.55 

.41 

.27 

.47 

-.31 

.27 
-.60 
-.75 
-1.55 

-.90 
-1.00 

-1.15 
-.45 


Per  cent, 

0.06 

-1.35 

-.65 

.03 

.17 

-.38 

-.88 

.71 

-1.98 

1.58 

-1.61 
-2.22 
.17 
-2.12 
-2.26 

.20 
1.76 
1.27 
2.43 

1.73 

.97 

.25 

-.25 

1.04 

.83 

-.17 

.57 


Per  cent.  Per  cent. 


2.80 

2.22 

-2.27 

-1.97 

1.93 

.58 

-1.29 

-1.92 

1.30 

.60 

.89 
-1.50 
-1.28 

-1.43 


-1.38 

1.98 

-2.14 

^1.95 

1.46 
1.77 
1.90 
1.25 

.59 
-.27 
-.41 
-.57 


5.60 

2.73 

-4.81 

-4.58 

2.23 

1.82 

-3.04 

-2.32 

.78 

.03 

1.25 
-.93 
-.35 
-.97 
.43 

-1.42 

1.61 

-1.90 

-1.09 

1.24 

3.17 

6.30 

-1.56 

.35 
-1.68 
-2.88 
-.06 


1  Total  oil,  water-soluble,  moisture  (a). 
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The  numbers  from  i  to  27  were  assigned  consecutively  as  the 
samples  were  received.  The  method  outlined  above  of  obtaining 
oil  content  and  water-soluble  material  was  followed  in  these  tests. 
In  ascertaining  moisture  content,  however,  the  purpose  here  was 
not  to  find  how  much  moisture  the  samples  contained  as  received, 
for  there  was  no  effort  to  seal  the  packages  moisture  tight,  but 
to  find  just  what  percentage  of  moisture  these  samples  would 
contain  if  subjected  to  a  standard  atmospheric  condition  of  65 
per  cent  relative  humidity  at  700  F.  (21.10  C).  The  samples 
were  accordingly  conditioned  thoroughly  and  weighed  to  obtain 
weight  (1),  the  successive  steps  being  in  accordance  with  the  sug- 
gested procedure.  This  test  was  duplicated  on  portions  of  the 
samples  after  extraction  of  oil  and  water-soluble  material.  The 
results  obtained  are  given  in  Table  1 . 

No  attempt  was  made  to  distinguish  between  the  various  oils 
in  these  fabrics  because  of  the  length  of  time  required  to  carry 
out  the  tests  and  the  complications  resulting  from  the  mixtures 
of  fatty  and  mineral  oils  in  most  of  the  samples.  There  seems 
to  be  a  general  opinion  that  mineral  oil  is  not  particularly  desir- 
able, because  of  its  probable  effect  on  the  oils  which  are  pressed 
out.  It  is  noted,  however,  by  reference  to  Table  2  that  four  of 
the  six  mills  use  it  in  varying  amounts. 

The  fatty  oil  was  probably  commercial  olive  oil,  lard  oil,  or 
some  vegetable  wax,  such  as  Japan  wax.  Obviously,  the  best 
procedure  would  be  to  use  the  kind  of  oil  that  is  to  go  through 
the  press,  but  a  suggestion  to  this  effect  brought  out  the  fact  that 
press  cloths  are  made  for  all  kinds  of  oil-pressing  industries,  of 
which  the  cotton  seed  is  the  largest,  so  that  if  cottonseed  oil  was 
used  on  presses  going  into  the  cottonseed  industries  small  quanti- 
ties would  generally  be  carried  on  the  machines  into  the  press 
cloth  intended  for  other  industries.  In  the  pressing  of  other  oils 
this  would  show  up  as  a  contamination,  for  the  presence  of  cotton- 
seed oil  in  the  most  minute  quantity  will  show  up  in  the  Halphen 
test,  and  it  is  impossible  to  determine  the  exact  amount  of  cotton- 
seed oil  mixed  with  another  oil.  This  necessitates  branding  the 
oil  as  a  mixture  which  is  undesirable. 

The  water-soluble  material  here  includes  foreign  materials,  such 
as  dust  or  other  dirt  naturally  on  the  fiber,  in  addition  to  the 
substances  which  water  dissolves  out  of  the  press  cloth.  "Total 
foreign  ingredients"  is  a  term  used  here  to  mean  those  materials 
added  or  contained  in  the  press  cloth  other  than  the  fiber  itself; 
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that  is,  the  total  oil,  water-soluble  material,  and  the  moisture  as 
shown  in  column  (a)  for  unextracted  samples. 

In  determining  fiber  by  the  microscopical  method  the  specimens 
were  compared  with  standard  samples  at  the  bureau  and  with 
samples  obtained  through  the  courtesy  of  the  Smithsonian  Insti- 
tution from  the  National  Zoological  Park.  The  fiber  diameter  is 
given  here  to  permit  a  comparison  of  the  fineness  of  the  individual 
fibers  of  the  samples. 

VII.  DISCUSSION  OF  TEST  RESULTS. 

In  Figure  1  there  is  plotted  the  relation  of  the  percentage  of  oil 
to  the  percentages  of  the  various  other  additional  materials. 
The  percentage  of  oil  is  arranged  according  to  ascending  values. 
This  graph  shows  that  there  is  no  regular  relation  between  the  oil 
content  and  the  various  other  additional  ingredients.  This  is  in- 
teresting in  that  it  is  in  direct  contradiction  with  the  theoretical 
argument  advanced  by  several  of  the  interested  parties  that  the 
liquid  content  tended  to  remain  a  constant  for  this  class  of  material; 
that  is,  that  a  direct  relation  existed  between  the  oil  and  moisture 
contents.  This  is  more  graphically  shown  in  Figure  2,  where  the 
moisture  contents  arranged  according  to  the  ascending  values 
are  plotted  and  connected.  The  corresponding  values  for  the  oil 
content  show  that  no  relation  exists.  The  graphs  shown  in 
Figure  3  show  similar  features  concerning  camel  hair  and  human 
hair,  the  figures  of  which  were  taken  from  Table  1.  Figures  1,2, 
and  3  illustrate  the  range  of  these  results  and  show  the  need  of 
fixing  some  standard  whereby  manufacturer  and  user  are  treated 
with  equal  fairness. 

The  distribution  of  the  results  obtained  on  press  cloths  composed 
of  the  various  fibers  is  shown  in  Figure  4.  This  graphically  illus- 
trates Table  3.  The  oil  contents  and  moisture  show  small  deviation 
from  the  average.  The  low  water-soluble  content  of  mohair 
indicates  that  this  was  scoured  before  manufacture. 

In  Figure  5  there  is  shown  a  graphical  comparison  of  the  various 
percentages  of  the  different  mills  as  shown  by  the  samples  sub- 
mitted. Mills  2  and  5  have  the  lowest  total  content  of  foreign 
ingredients.  Mill  2  scours  the  fiber  and  adds  generally  less  than  2 
per  cent  of  oil,  so  that  there  is  offered  a  means  of  comparison  of 
results  gained  with  this  method  and  the  method  which  leaves  the 
fiber  unscoured.  Comparing  the  highest  total  results  with  the 
lowest,  the  buyer  is  getting  11.6  per  cent  more  press  cloth  for  a 
given  weight  for  the  latter. 
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Fig.  1. — Relation  of  oil  content  to  moisture  content  and  to  -water-soluble  content. 
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Fig.  2. — Relation  of  moisture  content  to  oil  content  when  moisture  content  is  arranged 
according  to  ascending  values. 
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FlG.  3. — Comparison  of  camel  hair  and  human  hair  in  regard  to  oil  and  moisture  content. 
Arranged  according  to  ascending  values  of  moisture  content. 
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Fig.  4. — Comparison  of  press  cloths  in  relation  to  their  fiber  composition. 
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Fig.  5. — Comparison  of  the  various  percentages  in  cloths  from  the  different  mills. 
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The  distribution  of  the  samples  over  the  various  percentages  is 
shown  in  Figure  6.  From  this  graph  it  will  be  noticed  that  the 
range  of  oil  content  is  from  0.2  to  8  per  cent,  and  the  mode  or 
point  at  which  most  samples  fall  is  5  per  cent.     For  moisture 


li 

00. 

■5 

*  ° 

i'9 

»I 

B2 

J*L_ 

.0. 

1 

1 

1        Z3-*56789 

PER   CENT    «,f   OIL 

2      S     *     '.'<      i       '    '  0                           iz     13     14     1 
PER  CENT  .r  MOI5TURC 

.1 

WATER  .sclubi  r 

^y 
*£ 

r 

1 

4.L 

riOISTURE    CONTENT 

j 

£  . 

S 

TOTAL  OIL 

3       4       ,  -       6       ?       8       i 

»       10       II        E       13       »      15 

Fig.  6. — Distribution  graph  for  the  various  percentages. 

content  the  range  is  from  9  to  1 2  per  cent  and  the  mode  1 1  per  cent. 
For  water-soluble  material  the  range  is  from  0.1  to  6  per  cent,  well 
distributed. 

From  some  data  on  over  400  samples  submitted  by  one  of  the 
manufacturers  it  was  found,  as  shown  in  Figure  6  above,  that  the 
range  is  from  0.2  to  2>}4  per  cent  and  the  mode  5  per  cent  for  oil: 
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and  the  range  7  to  16  per  cent,  the  mode  11  per  cent  for  moisture 
content.  The  greater  range  on  moisture  content  is  due  to  the 
fact  that  the  adopted  procedure  was  followed  in  this  case.  In  the 
bureau  results  the  standard  humidity  conditions  lower  the  range. 
However,  the  results  in  these  two  graphs  check  very  well. 

VIII.  RECOMMENDED  STANDARDS. 

A  consideration  of  the  results  obtained  leads  to  a  logical  con- 
clusion that  the  following  standards  should  be  recommended  for 
the  buying  and  selling  transactions  of  press  cloth : 

Per  cent. 

Moisture  content 1 1 

Mineral  oil 0-5 

Fatty  oil 0-5 

Total  oil  content 5 

Water-soluble  material 2K 

In  regard  to  moisture  content,  it  is  shown  in  the  data  that  most 
of  the  samples  fall  around  1 1  per  cent,  and  though  the  average  is 
above  there  are  more  under  than  over.  The  oil  content,  as 
pointed  out  before,  raises  a  number  of  arguments.  It  was  not 
the  purpose  of  this  investigation  to  ascertain  whether  mineral  oil 
is  detrimental  as  claimed  by  some  of  the  press-cloth  users.  The 
fact  that  it  was  found  in  the  products  of  four  of  the  six  mills,  as 
has  been  shown,  seems  to  indicate  that  it  is  being  used  whether 
objectionable  or  not.  The  standards  recommended  above,  there- 
fore, permit  the  use  of  either  mineral  or  vegetable  oil.  By  de- 
fining only  the  limit  of  the  total  oil  content,  parties  entering  the 
agreement  may  set  figures  for  mineral  and  fatty  oils  in  accordance 
with  their  wishes,  provided  this  limit  is  not  exceeded. 

Water-soluble  material  influences  the  oil  content,  for  it  may 
absorb  an  amount  of  oil  itself  in  addition  to  that  needed  for  proper 
manipulation  in  manufacture.  It  is  to  the  advantage  of  both 
user  and  manufacturer  that  the  water-soluble  material  be  small 
in  amount,  and  it  is  doubtful  if  any  material  in  addition  to  that 
naturally  deposited  on  the  fiber  will  be  put  in  the  cloth.  It  is 
believed  that  2^/2  per  cent  will  permit  efficient  manufacturing 
without  requiring  the  scouring  process. 

In  putting  these  standards  into  use  it  is  suggested  that  suitable 
penalties  be  inserted  for  exceeding  them.  Consideration  should 
be  given  the  fact  that  there  is  an  amount  below  which  the  cost 
of  testing  would  exceed  the  value  derived  from  enforcing  these 
standards,  so  that  there  would  be  no  necessity  for  testing  some 
of  the  smaller  shipments. 

Washington,  December  30,  1922. 
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By  Percy  H.   Walker  and  Lawrence  L.   Steele. 


ABSTRACT. 

A  description  is  given  of  the  source,  manufacture,  uses,  and  common  methods  of 
testing  shellac.  It  is  shown  that  the  generally  accepted  iodine  value  method  for  de- 
termining rosin  in  flake  shellac  may  be  subject  to  very  large  errors,  and  this  method 
can  not  be  applied  to  cut  sheljac.  The  amount  of  material  soluble  in  a  light  petroleum 
distillate  and  the  acid  number  of  this  material  are  shown  to  be  quite  constant  for  pure 
shellac,  and  a  method  of  determining  adulteration,  both  by  rosin  and  other  substances, 
which  can  be  as  easily  applied  to  cut  shellac  as  to  flake  shellac,  has  been  developed. 
Suggested  specifications  for  pure  orange  flake  shellac  and  orange  shellac  varnish  are 
given. 
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I.  INTRODUCTION. 

The  need  for  a  publication  on  shellac  by  the  Bureau  of  Standards 
has  been  shown  by  the  numerous  inquiries  which  have  been 
received  in  recent  years.  The  continued  high  price  of  shellac 
during  and  after  the  World  War  has  been  the  cause  of  the  appear- 
ance of  an  unusual  number  of  adulterated  shellac  varnishes  on 
the  market. 

There  are  certain  standard  methods '  for  the  estimation  of 
rosin  and  of  material  insoluble  in  alcohol  in  dry  orange  shellac, 
but  these  methods  are  not  applicable  to  the  examination  of  shellac 
varnishes  for  adulteration. 

1  See  A.  S.  T.  If.  Standards,  1921,  p.  663. 
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A  brief  summary  is  given  in  this  paper  of  the  source,  preparation, 
and  uses  of  shellac,  together  with  a  description  of  certain  methods 
which  are  used  at  the  Bureau  of  Standards  for  the  examination 
of  both  flake  shellac  and  shellac  varnish. 

II.  SOURCE,  PREPARATION,  AND  USES  OF  SHELLAC. 

Shellac  is  a  manufactured  material  produced  from  lac,  the 
excretion  of  the  East  Indian  insect  "Tachardia  Lacca."  The 
young  insects  swarm  twice  a  year,  alight  on  the  twigs  of  various 
species  of  trees  on  which  they  feed,  and  pierce  the  bark  with  their 
beaks.  The  assimilated  sap  excreted  by  the  insect  soon  dries,  and 
the  multitude  of  tiny  animals,  becoming  cemented  to  the  twig,  lay 
myriads  of  minute  eggs  and  ultimately  die.  In  a  short  time  the 
eggs  burst  forth  into  life  and  the  swarm  of  young  insects  appear 
on  the  branches  like  blood-red  dust.  Generation  after  generation 
dwell  upon  the  same  twig  until  the  lac  coating  often  attains  a 
thickness  of  half  an  inch. 

In  May  and  June,  and  again  in  October  and  November,  the 
incrusted  twigs  are  gathered  by  natives  and  broken  into  short 
pieces.  These  are  the  stick  lac  of  commerce.  Prior  to  the  intro- 
duction of  synthetic  dyestuffs  stick  lac  was  collected,  primarily, 
for  the  production  of  the  red  lac  dye,  and  shellac  was  a  by-product 
Lac  dye  is  now  obsolete,  and  the  stick  lac  is  collected  only  for  the 
manufacture  of  shellac. 

The  stick  lac  is  crushed,  washed  to  remove  most  of  the  dye, 
and  dried,  the  so-called  seed  or  grain  lac  resulting.  The  grains  are 
ruby  red  and  about  the  size  of  wheat.  Shellac  is  usually  made  by 
melting  dry  seed  lac  with  approximately  0.05  to  0.25  per  cent  of 
arsenic  sulphide  (orpiment) ,  with  or  without  the  addition  of  small 
amounts  of  rosin,  in  long  narrow  bags  over  a  charcoal  fire.  The 
softened  lac  mixture  is  forced  through  the  bag  by  twisting  it. 
The  material  forced  through  the  bag  is  then  softened  again  and 
made  into  thin  sheets  which  are  broken  into  the  familiar  flakes 
of  the  shellac  of  commerce. 

The  grading  of  shellac  is  based  upon  freedom  from  rosin  and 
dirt  and  upon  the  color  of  the  flakes.  Rosin  has  been  the  most 
common  adulterant  of  shellac  because  of  its  low  price  and  especially 
because  it  greatly  facilitates  the  melting  of  the  seed  lac.  The 
best  grades  of  shellac  are  free  from  rosin,  but  material  containing 
from  3  to  5  per  cent  of  rosin  is  a  common  grade  and  for  many 
purposes  serves  as  well  as  the  pure  material.  Lower  grades  of 
shellac    frequently    contain    even    higher    percentages    of  rosin. 
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The  addition  of  orpiment  to  shellac  seems  to  be  regular  practice, 
and  some  authorities  have  claimed  that  arsenic  sulphide  causes 
a  vulcanizing  effect  analogous  to  the  action  of  red  sulphide  of 
antimony  on  rubber.  A  portion,  at  least,  of  the  orpiment  remains 
unchanged  in  the  shellac  and  tends  to  give  the  flakes  a  lighter 
appearance.  This  effect  is  apparent  only  in  the  flake  shellac, 
because  on  dissolving  the  flakes  in  alcohol  the  orpiment  settles 
out  slowly  and  its  tinting  power  is  thereby  lost. 

Garnet  lac  is  a  product  usually  made  from  the  residue  of  impure 
lac  left  in  the  bag  after  the  squeezing  process.  The  sand  and 
other  impurities  are  usually  eliminated  by  dissolving  this  impure 
lac  in  alcohol  or  dilute  sodium  carbonate  solution,  filtering,  and 
then  driving  off  the  solvent  or  liberating  the  lac  from  the  alkaline 
solution  by  acid,  respectively.  The  dark-colored  product  is  fused 
into  lumps  of  various  sizes.  Button  lac  is  essentially  shellac  fused 
into  a  mass  the  shape  of  a  button.  Bleached  shellac  is  manufac- 
tured by  dissolving  orange  shellac  in  dilute  sodium  carbonate  solu- 
tion and  bleaching  with  sodium  hypochlorite  solution.  The  red 
lac  dye  is  thereby  destroyed  and  the  shellac  is  then  precipitated  by 
mineral  acid  as  an  amorphous  yellowish -white  mass.  White  shel- 
lac prepared  in  this  way  is  quite  sensitive  to  heat  and  must  be  dried 
with  care  at  rather  low  temperatures,  or  it  may  become  partially 
or  wholly  insoluble  in  alcohol.  Bleached  shellac  which  has  been 
stored  for  a  time  tends  to  become  more  or  less  insoluble  in  alcohol. 

1.  PROPERTIES   OF   ORANGE   SHELLAC. 

The  specific  gravity  of  orange  shellac  varies  from  1.08  to  1.13, 
owing  to  minute  air  bubbles  inclosed  during  its  manufacture.  The 
melting  point  is  indefinite,  and  decomposition  starts  if  shellac  is 
heated  much  above  ioo°  C.  It  is  insoluble  in  dilute  mineral  acids, 
but  dissolves  readily  in  ammonia  or  solutions  of  sodium  carbonate, 
borax,  and  other  alkalis.  It  dissolves  (with  the  exception  of  a 
small  amount  of  natural  wax  and  mineral  matter)  in  cold  methyl 
or  ethyl  alcohol  or  a  mixture  of  these  two  (denatured  alcohol) .  It 
should  be  noted  that  high-proof  alcohol  must  be  used.  Ethyl  or 
denatured  alcohol  much  weaker  than  95  per  cent  by  volume  does 
not  dissolve  shellac  perfectly.  Shellac  is  also  soluble  in  isopropyl 
and  amyl  alcohols  (fusel  oil)  but  is  quite  insoluble  in  petroleum 
hydrocarbons  and  turpentine,  a  property  possessed  to  the  same 
degree  by  no  other  common  resin  soluble  in  alcohol.  Orange  shel- 
lac is  very  stable  and  does  not  depreciate  in  quality  even  during 
long  storage. 
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2.  USES   OF   SHELLAC. 

Shellac  has  a  diversity  of  uses  in  the  industries.  Orange  and 
bleached  shellac  are  components  of  composition  articles,  such  as 
buttons,  phonograph  records,  imitation  ivory,  poker  chips,  sealing 
wax,  and  many  similar  products.  Shellac  is  used  in  making  elec- 
trical instruments,  in  various  types  of  insulation,  in  fireworks  and 
explosives,  and  as  a  binder  in  abrasive  wheels.  One  of  the  largest 
single  uses  for  shellac  is  in  the  vehicle  of  the  anticorrosive  and 
antifouling  paints  specified  by  the  Navy  Department  and  the 
Shipping  Board  for  the  protection  of  the  hulls  of  steel  vessels. 

Shellac  varnish  is  very  commonly  used  as  a  quick-drying  coat- 
ing for  floors,  furniture,  interior  decoration,  musical  instruments, 
toys,  etc.  It  is  extensively  used  for  stiffening  straw  hats,  for  in- 
sulating and  waterproofing,  in  various  leather  dressings  and  pol- 
ishes, and  upon  willow  and  rattan  goods.  The  resistance  of  a 
dried  film  of  shellac  to  turpentine  and  turpentine  substitute 
(mineral  spirits)  is  of  great  value  where  shellac  is  employed  as  a 
first  coating  to  fill  the  pores  of  wood  and  cover  resinous  knots  and 
streaks,  because  the  varnish  or  wax  polish  applied  afterwards  does 
not  soften  the  shellac.  This  valuable  property  is  not  possessed 
by  most  of  the  so-called  shellac  substitutes  upon  the  market. 

So-called  standard  shellac  varnish  is  made  by  dissolving  5 
pounds  of  the  resin  in  1  gallon  of  special  denatured  alcohol  (U.  S. 
Internal  Revenue  Bureau  formula  No.  1  for  special  denatured 
alcohol,  used  in  making  shellac  varnish,  consists  of  100  gallons 
ethyl  alcohol  1900  proof  and  5  gallons  of  approved  methyl  alco- 
hol (wood  alcohol)).  Commercial  shellac  varnish  usually  con- 
tains a  smaller  percentage;  4  to  \Y2  pounds  of  shellac  per  gallon  of 
alcohol  is  a  common  proportion.  As  already  noted,  shellac  re- 
quires alcohol  of  high  proof  for  its  solution.  The  formulas  for 
completely  denatured  alcohol  of  the  United  States  Internal  Rev- 
enue Bureau  in  every  case  call  for  "  100  gallons  ethyl  alcohol  not 
less  than  1600  proof,"  mixed  with  small  amounts  of  materials  like 
kerosene  or  pyridine  bases  which  render  the  mixture  nonpotable. 
Alcohol  of  1600  proof  is  not  strong  enough  to  properly  dissolve 
shellac,  and  since  the  maker  of  completely  denatured  alcohol  is 
not  required  to  use  ethyl  alcohol  stronger  than  1600  proof  it  follows 
that  the  ordinary  denatured  alcohol  purchased  in  the  open  market 
is  generally  unsuitable  for  mixing  with  shellac.  The  specially 
denatured  alcohol  (formula  No.  1)  should  be  used  in  shellac  when 
it  is  obtainable,  otherwise  completely  denatured  alcohol,  1900 
proof,  should  be  employed. 
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In  making  shellac  varnish  the  weighed  resin  in  flake  form 
should  stand  overnight  in  a  closed  vessel  with  the  proper  volume 
of  1900  proof  alcohol.  The  mixture  should  then  be  stirred  at 
intervals  until  no  more  lumps  are  present.  Mechanical  stirring 
devices  are  usually  employed  in  factories. 

Shellac  varnish  dries  only  through  evaporation  of  the  solvent. 
In  humid  weather  it  may  happen  that  the  rapid  evaporation  of 
alcohol  from  the  film  will  sufficiently  lower  the  temperature  to 
cause  condensation  of  moisture.  This  may  turn  the  film  white 
temporarily,  but  eventually  the  coating  should  dry  to  its  normal 
color.  A  shellac  film  does  not  possess  the  waterproof  qualities 
and  resistance  to  weather  of  a  good  long  oil  spar  varnish,  and 
hence  is  not  suitable  for  outside  exposure.  If  it  were  possible  to 
prepare  an  oil  varnish  from  shellac  and  linseed  or  tung  oil,  it  should 
be  an  excellent  product,  owing  to  the  hardness  and  permanence 
of  this  resin;  but  unfortunately  shellac  will  not  mix  with  such 
drying  oils  or  with  turpentine. 

III.  METHODS    IN    USE    FOR   TESTING    SHELLAC. 
1.  THE   DETECTION   OF  ADULTERANTS  IN   SHELLAC. 

It  has  been  recognized  for  some  time  that  the  regular  methods 
in  use  for  testing  shellac  are  in  many  cases  inadequate  to  show 
that  given  samples  are  unadulterated.  Shellac  varnishes  have 
been  more  difficult  to  examine  for  adulterants  than  flake  shellac. 

For  many  years  the  purity  of  a  given  sample  of  shellac  varnish 
has  been  decided  upon  the  results  of  a  qualitative  test  for  rosin. 
The  test  commonly  used  is  the  familiar  Liebermann-Storch 
reaction,  in  which  a  solution  of  a  sample  containing  rosin  in  acetic 
anhydride  should  give  a  fugitive  lavender  color  with  sulphuric 
acid  of  specific  gravity  1.53. 

Livache  and  Mcintosh  2  state  that  the  Liebermann-Storch  test 
gives  a  decided  response  when  shellac  contains  as  much  as  10  per 
cent  of  rosin,  but  only  a  doubtful  test  may  result  when  5  per 
cent  of  this  adulterant  is  present. 

Some  experimental  work  done  at  this  bureau  indicates  that 
powdered  rosin,  which  has  become  partially  oxidized  through  ex- 
posure to  air,  will  not  give  a  positive  test  by  the  Liebermann- 
Storch  reaction.  It  was  found  that  an  oxidized  sample  of  rosin 
will,  however,  give  a  purple  color  by  the  Halphen-Hicks  reaction. 

-  Manufacture  of  Varnishes,   3,  p.  306.  • 
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The  reagent  consists  of  two  solutions:  (A)  1  part  by  volume  of 
phenol  dissolved  in  2  parts  of  carbon  tetrachloride,  and  (B)  1 
part  by  volume  of  bromine  in  4  parts  of  carbon  tetrachloride. 
The  most  convenient  procedure  is  the  following:  Dissolve  a  small 
quantity  of  the  substance  to  be  tested  in  1  to  2  cc  of  solution 
A.  Pour  this  solution  into  one  of  the  cavities  of  an  ordinary 
porcelain  color-reaction  plate  and  fill  an  adjacent  cavity  with 
solution  B.  Cover  the  plate  with  a  watch  glass  and  note  whether 
the  bromine  vapors  develop  a  purple  or  blue  color  in  the  solu- 
tion of  the  sample  to  be  tested. 

The  quantitative  estimation  of  rosin  in  dry  orange  shellac  by 
a  determination  of  the  Wijs  iodine  number  was  recommended  in 
1907  by  a  subcommittee  on  shellac  of  the  American  Chemical 
Society.  This  method  was  made  a  tentative  standard  by  the 
American  Society  for  Testing  Materials  in  19 14  and  was  adopted 
as  standard  in  191 7. 3  It  has  been  extensively  used  but  is  open 
to  a  number  of  criticisms.  The  method  depends  upon  the  fact 
that  pure  shellac  resin  normally  shows  a  very  low  iodine  absorp- 
tion value  (18  is  arbitrarily  taken  as  the  maximum  figure),  while 
rosin  shows  an  abnormally  high  value  (arbitrarily  taken  as  228). 
When  a  sample  of  shellac  is  found  to  have  an  iodine  value  greater 
than  18,  a  calculation  by  a  simple  proportion  is  made  to  estimate 
the  percentage  of  rosin  present. 

One  of  the  most  serious  objections  to  the  method  is  the  fact 
that  it  is  not  applicable  to  shellac  varnishes.  The  presence  of 
alcohol  interferes  with  the  iodine  number  determination,  while 
removal  of  all  traces  of  alcohol  by  heating  a  sample  of  shellac 
varnish  tends  to  change  the  iodine  value  of  the  shellac.  The 
determination  of  the  Wijs  iodine  value  of  shellac  requires  unusual 
care  and  skill  in  order  to  obtain  reliable  results.  There  are 
samples  of  shellac  with  an  iodine  number  as  low  as  14,  and  it  is 
conceivable  that  an  addition  of  as  much  as  2  per  cent  of  rosin 
could  be  made  to  such  a  sample  without  increasing  the  iodine 
value  above  the  allowable  limit  for  pure  shellac.  At  the  same 
time  this  small  percentage  of  rosin  might  be  undetectable  by  a 
qualitative  test  of  the  sample.  There  is  evidence  that  the  rosin 
used  to  adulterate  shellac  tends  to  decrease  in  iodine  value  with 
increased  age,  due  to  partial  oxidation.  A  sample  of  T.  N. 
shellac  containing  rosin,  which  showed  a  Wijs  iodine  value  of 
30.4  in  19 1 2,  altered  in  a  sealed  bottle  so  that  its  iodine  value 
in  1 92 1  was  found  to  be  26.8.     F.  P.  Veitch,4  of  the  Bureau  of 

»  See  A.  S.  T.  M.  Standards,  1921,  p.  663. 
4  Private  communication. 
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Chemistry,  Department  of  Agriculture,  has  recently  noted  that 
the  change  in  iodine  number  of  rosin  exposed  to  the  air  in  pow- 
dered form  is  more  rapid  than  commonly  supposed,  and  that 
marked  changes  often  take  place  in  less  than  a  month's  time. 

From  another  point  of  view  the  estimation  of  rosin  from  the 
iodine  number  of  a  sample  of  shellac  is  not  theoretically  sound. 
It  can  be  shown  that  the  iodine  numbers  of  rosin  and  of  manila 
gum  (a  resin  sometimes  used  to  adulterate  shellac)  are  dependent 
upon  the  weight  of  sample  taken  for  the  test.  Several  deter- 
minations of  the  iodine  numbers  of  rosin  and  manila  gum  were 
made,  using  different  weights  of  sample  with  all  other  condicions 
unchanged.  The  determinations  were  made  by  the  Standard 
A.  S.  T.  M.5  method,  using  20  cc  of  the  Wijs  solution  and  allow- 
ing the  reaction  to  proceed  for  one  hour  in  the  dark  at  2 1-23  °  C. 


TABLE  1. 


-Wijs  Iodine  Values  of  Rosin  and  Manila  Resin  with  Varying  Weights 
of  Sample. 


Manila  sample 
No.  1. 

Manila  sample 
No.  2. 

Rosin  (WW  grade). 

Weight 

of  sample 

taken. 

Iodine 
value. 

Weight 

of  sample 

taken. 

Iodine, 
.value. 

Weight 

of  sample 

taken. 

Iodine 
value. 

0.  2004 
.1944 
.1550 
.1469 
.1033 
.0979 

126.8 
128.5 
135.5 
138.0 
151.0 
155.3 

0.  2054 
.1948 
.1754 
.1698 
.1003 
.0988 

127.1 
130.4 
136.3 
136.0 
160.6 
161.1 

0. 1446 
.1258 
.1029 
.1016 
.0571 
.0476 

185.0 
195.5 
216.7 
220.1 
249.5 
255.0 

IV.  A  NEW  METHOD  FOR  DETECTING  ADULTERATION  IN 
ORANGE    SHELLAC. 

It  is  apparent  that  some  new  method  is  needed  which  can  be 
applied  to  both  flake  shellac  and  shellac  varnish  for  the  detection 
and  estimation  of  adulterants  like  rosin  and  manila  gum.  Some 
years  ago  Langmuir  made  the  observation  that  pure  shellac  is 
very  nearly  insoluble  in  petroleum  ether,  while  rosin  dissolves 
readily  in  this  solvent.  Mcllhiney6  developed  a  method  for  the 
quantitative  estimation  of  rosin  in  shellac,  based  on  the  above 
observation,  but  apparently  the  method  has  not  been  used  to  any 
extent. 

A  study  of  Mcllhiney's  method  led  to  certain  changes  which 
shortened  and  simplified  the  procedure  and  finally  resulted  in  a 
modified  method  by  which  it  is  believed  to  be  possible  to  detect 
adulteration  and  give  quality  ratings  for  both  dry  shellac  and 
shellac  varnish. 


s  See  A.  S.  T.  M.  Standards,  1921,  p.  663. 
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6  J.  Am.  Chem.  Soc,  30.  p.  867;  1908. 
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1.  MODIFICATION  OF  THE  McILHINEY  METHOD  FOR  THE  DETECTION 
AND  ESTIMATION  OF  ADULTERANTS  IN  DRY  SHELLAC  AND  SHELLAC 
VARNISH. 

Petroleum  ether  distilling  between  55  and  750  C.7  was  obtained 
by  the  distillation  on  the  steam  bath  of  either  commercial  petro- 
leum ether  or  aviation  gasoline,  fighting  grade.8  Glacial  acetic 
acid  was  diluted  with  water  until  its  solidification  point  was 
between  13  and  140  C. 

Method — Accurately  weigh  2  g  of  flake  shellac  (±0.1  g)  and 
transfer  to  a  2 -liter  Florence  flask,  the  neck  of  which  has  a  volume 
somewhat  over  100  cc.  In  case  of  a  shellac  varnish,  determine 
the  percentage  of  nonvolatile  matter  (see  p.  294).  Place  a  portion 
of  the  well  mixed  sample  in  a  stoppered  container.  Weigh  the 
container  and  sample.  Transfer  a  weight  of  the  sample  corre- 
sponding as  closely  as  practicable  to  2  g  of  nonvolatile  matter  to 
the  flask  already  described  and  restopper  the  container.  Weigh 
the  container  again  and  by  difference  calculate  the  exact 
weight  of  the  portion  transferred  to  the  flask.  Calculate  the 
exact  weight  of  shellac  in  the  sample  taken  from  the  percent- 
age of  nonvolatile  matter  in  the  varnish.  The  procedure  from 
this  point  is  the  same  for  dry  and  cut  shellac.  Add  20  cc 
of  the  special  acetic  acid  and  heat  the  flask  until  the  shellac  resin 
and  wax  are  dissolved.  With  certain  shellac  adulterants  there 
may  be  a  small  amount  of  resin  which  can  not  be  dissolved.  Cool 
the  flask  to  room  temperature  (19-210  C),  whereupon  a  part  of 
the  natural  shellac  wax  usually  separates.  Add  slowly  from  a 
pipette  50  cc  of  the  petroleum  ether  cooled  to  19-210  C,  with 
constant  shaking  of  the  flask,  allowing  one  to  two  minutes  for  the 
addition.  Add  all  at  once  from  a  graduated  flask  100  cc  more 
of  the  petroleum  ether  kept  at  19-210  C,  stopper  the  flask,  and 
shake  vigorously.  While  shaking  the  flask,  slowly  add  tap  water 
kept  at  1 9-2 1  °  C,  until  the  shellac  has  separated  as  an 
amorphous  mass.  Half  fill  the  flask  with  water  and  agitate  so 
as  to  thoroughly  wash  the  ether  layer.  Add  water  until  the 
petroleum  ether  layer  nearly  fills  the  neck  of  the  flask,  cork  and 
let  the  flask  stand  until  the  ether  layer  is  free  from  suspended 
particles.  Transfer  100  cc  of  the  ether  layer  to  a  100  cc 
graduated  flask.  It  is  convenient  to  fit  the  large  flask  with  a 
two-hole  stopper  with  tubes  arranged  like  a  wash  bottle,  so  that 
the  ether  solution  can  be  blown  into  the  graduated  flask. 

7  A  fraction  with  initial  boiling  point  of  40  °  C.  should  be  satisfactory,  provided  it  is  not  used  in   extremely 
hot  weather. 

3  Bureau  of  Mines  Technical  Paper  No.  323,  p.  1. 
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Evaporate  the  100  cc  of  petroleum  ether  solution,  portion 
wise  if  necessary,  in  a  small  weighed  Erlenmeyer  flask  on  a  hot 
plate.  When  the  dry  point  is  reached,  suck  out  the  residual 
solvent  vapors,  cool  the  flask,  and  weigh.  The  weight  of  the 
residue  multiplied  by  150  and  divided  by  the  weight  of  shellac 
taken  is  the  percentage  of  "matter  soluble  in  petroleum  ether." 
Dissolve  this  residue  in  25  cc  of  a  mixture  of  equal  volumes  of 
95  per  cent  denatured  alcohol  and  benzol  (the  mixture  should  be 
previously  titrated  to  a  faint  pink  color  with  dilute  alkali,  using 
phenolphthalein  as  an  indicator)  and  titrate  in  the  cold  with 
o.  1  N  alcoholic  sodium  hydroxide  with  phenolphthalein  as  an 
indicator.  Calculate  the  acid  number  of  the  "matter  soluble  in 
petroleum  ether"  (milligrams  of  KOH  required  for  1  g  of  petro- 
leum ether  residue) .  Transfer  most  of  the  petroleum  ether  layer 
remaining  in  the  Florence  flask  to  a  small  beaker  or  flask  and 
evaporate  to  dryness.  Test  this  residue  for  rosin  by  means  of 
the  Halphen-Hicks  test  already  referred  to.  Report  a  faint 
purple  or  blue  coloration  as  "faint  test  for  rosin"  and  a  deep 
purple  or  blue  as  "decided  test  for  rosin." 

A  series  of  orange  shellac  samples  was  examined  by  the  modified 
Mcllhiney  method  as  outlined,  and  the  analytical  data  are  given  in 
Table  2.  The  samples  numbered  Con.  10479  to  10495  were  collected 
in  191 1  by  representatives  of  the  Bureau  of  Chemistry,  United 
States  Department  of  Agriculture,  at  the  United  States  customs- 
house,  New  York,  N.  Y.  The  samples  numbered  B.  S.  70939  to 
70951  were  obtained  in  1921  from  a  large  importer  of  shellac 
in  New  York,  N.  Y.  The  iodine  value  of  each  sample  by  the 
Wijs  method,  a  qualitative  test  for  rosin  on  the  original  sample 
and  on  the  petroleum  ether  residue,  and  a  calculation  of  the  per- 
centage of  rosin  from  the  Wijs  iodine  value  of  the  adulterated 
samples  are  also  given  in  Table  2. 
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An  examination  of  the  results  given  in  Table  2  indicate  that  a 
large  number  of  the  samples  of  shellac  were  free  from  rosin,  as 
shown  by  a  qualitative  test  and  by  an  iodine  value  below  the 
arbitrary  accepted  limit  of  18.  Such  samples  can  probably  be 
safely  considered  as  unadulterated  shellacs.  These  samples  of 
pure  shellac,  with  few  exceptions,  yielded  values  between  the 
limits  of  6.0  and  7.0  per  cent  for  material  soluble  in  petroleum 
ether  and  acid  values  for  this  residue  between  the  limits  of  60  and 
90.  This  material  soluble  in  petroleum  ether  is  believed  to  be 
chiefly  a  natural  shellac  wax,  which  is  stated  by  Livache  and 
Mcintosh  9  to  be  present  to  the  extent  of  approximately  6  per 
cent  in  shellac  and  is  composed  of  ceryl  and  myricyl  alcohols, 
partly  in  combination  with  fatty  and  resinous  acids. 

These  limiting  values  are  believed  to  be  characteristic  of  pure 
shellac.  Every  sample  in  Table  2  which  showed  a  positive  test 
for  rosin  yielded  a  petroleum  ether  residue  greater  than  7.0  per 
cent,  and  the  acid  number  of  the  residue  in  nearly  every  case  was 
higher  than  in  the  case  of  the  pure  shellacs.  A  sample  of  pure 
shellac  (Con.  10492)  was  intentionally  adulterated  by  grinding  a 
weighed  sample  with  5.1  per  cent  of  its  weight  of  lump  rosin,  WW 
grade.  This  mixture  showed  a  petroleum  ether  residue  of  11.2 
and  an  acid  value  for  the  residue  of  114.  Since  this  sample  before 
adulteration  contained  6.2  per  cent  of  material  soluble  in  petro- 
leum ether,  it  was  evident  that  the  increase  in  percentage  of 
material  soluble  in  petroleum  ether  was  practically  equal  to  the 
percentage  of  rosin  added  to  the  sample.  The  marked  increase 
of  the  acid  value  of  the  above  residue  due  to  the  rosin  is  also 
worthy  of  note. 

It  appeared  that  a  good  approximation  of  the  percentage  of 
rosin  in  a  given  sample  of  adulterated  shellac  could  be  obtained 
by  a  simple  subtraction  of  the  normal  percentage  of  material 
soluble  in  petroleum  ether  for  pure  shellac  from  the  observed 
value  in  case  of  a  rosin-bearing  sample. 

A  complication  was  introduced  when  the  adulteration  of 
shellac  by  partially  oxidized  rosin  or  by  manila  resin  was  con- 
sidered. A  sample  of  WW  rosin,  fine  enough  to  pass  a  100-mesh 
sieve,  which  had  been  exposed  to  the  air  for  over  a  year,  was 
examined  by  the  modified  Mcllhiney  method.  A  petroleum 
ether  residue  of  48.4  per  cent  was  obtained,  with  an  acid  value 
for  this  residue  of  153.0.     Lump  rosin  of  the  same  grade,  which 

•Manufacture  of  Varnishes,  3,  p.  30s. 
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was  unappreciably  oxidized  owing  to  the  small  surface  exposed 
to  the  air,  was  examined  in  the  same  manner  and  showed  a  petro- 
leum ether  soluble  residue  of  98.8  per  cent  and  an  acid  number 
for  this  residue  of  160.0.  Two  different  samples  of  manila  resin 
on  hand  in  the  laboratory,  the  histories  of  which  were  unknown, 
were  also  examined.  They  showed  petroleum  ether  residues  of 
46.5  and  60.1  percent,  with  acid  values  for  the  residues  of  146 
and  134.5,  respectively.  A  mixture  of  19  parts  by  weight  of 
pure  shellac  (Con.  10492)  and  1  part  by  weight  of  manila  resin 
(showing  60.1  per  cent  of  material  soluble  in  petroleum  ether) 
was  found  to  give  a  value  of  9.0  per  cent  material  soluble  in 
petroleum  ether  and  an  acid  value  of  105  for  this  residue. 

From  a  consideration  of  all  these  data  it  was  concluded  that 
if  a  sample  of  shellac  contains  unoxidized  rosin  as  an  adulterant, 
the  material  soluble  in  petroleum  ether  of  the  sample  will  exceed 
the  percentage  7.0  by  a  figure  closely  approximating  the  per- 
centage of  adulterant  present.  If  a  sample  of  shellac  is  appreci- 
ably adulterated  by  partially  oxidized  rosin  or  by  manila  resin, 
the  difference  between  the  percentage  of  material  soluble  in  petro- 
leum ether  found  and  7.0  per  cent  will  represent  a  minimum 
figure  for  adulteration,  and  in  many  cases  the  real  adulteration 
may  be  twice  or,  in  extreme  cases,  three  times  this  minimum 
figure.  The  consideration  of  the  acid  value  of  the  residue  soluble 
in  petroleum  ether  of  samples  of  shellac  under  examination  may 
give  valuable  information.  This  value  for  a  normal  pure  shellac 
lies  between  60  and  90.  Any  marked  departure  from  these  limits 
should  place  a  sample  under  suspicion.  In  general,  adulteration 
with  acid  resins  like  rosin  or  manila  gum  should  tend  to  increase 
this  value  above  the  normal,  while  neutral  resins  or  waxes,  or 
resins  of  low  acid  value  like  coumarone,  paraffin,  and  ester  gum 
(rosin  glyceride) ,  respectively,  would  tend  to  lower  the  acid  value 
of  the  petroleum  ether  residue  below  the  normal  for  pure  shellac. 
In  Table  3  will  be  found  a  suggested  method  for  rating  samples  of 
shellac  from  the  data  of  the  modified  Mcllhinev  method. 
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TABLE  3.— Suggested  Method  for  Rating  Samples  of  Shellac. 
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Petroleum    ether 
soluble  percent-           Rosin  test, 
age. 

Acid  number  of 
residue. 

Purity. 

Negative 

60-90 - 

7.0-8.0 

May  be  greater  or 

less  than  90. 
.  .  do 

7.0-8.0 

rosin,  as  in  "Superfine." 
Suspicious;  no  adulteration  proved. 

8.0-12.0 

Generally,  but  not 

always  over  90. 

.  .  do    

8.0-12.0 

shellac. 

12.0-20.0 

Positive  or  nega- 
tive. 
do 

do 

do..._ 

other  than  rosin. 

Over  20.0 

per  cent  adulteration. 
Grossly   adulterated;    possibly   no   shellac 
present. 

In  the  next  to  the  last  column  of  Table  2  may  be  found  the 
ratings  of  the  various  samples  of  shellac  obtained  by  the  applica- 
tion of  the  suggested  method  in  Table  3.  The  modified  Mcllhiney 
method  for  the  determination  of  material  soluble  in  petroleum 
ether  in  shellac  was  developed  with  particular  reference  to  orange 
shellac  and  orange  shellac  varnishes.  In  Table  4  are  some  data 
on  samples  of  white  shellac,  garnet,  button,  stick,  and  seed  lac, 
and  several  commercial  orange  shellac  varnishes.  It  is  worthy  of 
note  that  the  sample  of  orange  shellac  (Con.  10492),  when  cut  in 
alcohol  to  make  a  shellac  varnish,  gave  the  same  percentage  of 
material  soluble  in  petroleum  ether  (6.2)  as  was  obtained  with  the 
sample  in  flake  form. 

TABLE  4. — Data  on  Shellac  Varnishes,  Bleached   Shellac,   Garnet  Lac,  etc. 


Trade  name 
of  sample. 

Indentifica- 

tion 

number. 

Matter 
soluble  in 
petroleum 

ether. 

A.cid  number 

of  petroleum 

ether 

residue. 

Iodine 

number  of 

shellac. 

Qualitative 
test  for 
rosin  on 
original 
sample. 

Qualitative 
test  for 
rosin  on 

petroleum 

ether 
residue. 

Classification 

according  to 

Table  3. 

V.  S.  O.  cut- 
in  alcohol . . 

Orange  shel- 
lac varnish  ' 

Do.' 
Do.' 

Do.' 

jCon.   10492 
|B.  S.  79511 
B.  S.  79566 
B.  S.  73626 
B.  S.  79750 
JB.  S.  63058 
JB.  S.  67839 
B. S.  70948 
B.  S.  78815 
B.  S.  70951 
B.  S.  70949 
B.  S.  70950 

Per  cent. 
J13.5\  3  2 

fen*0 

fl36.5\.,,.  , 
U36.0/136-5 

!  3X  °\  32  5 
i  32.0/  M-a 

/  90. 0\,  9. 

i  91.5/  yl-U 

!  95-°l95  0 
i  94.  5/  **■  U 

(  24'  S\  24  0 
\  23.  Of  "'" 

f  87.  0\  R7  , 

\  88.  Of  87-5 

fl50.5iH90 

{&&«■« 

Negative . . 
Positive 2 . . 
Negative . . 

Positive3.. 

Negative . . 

Positive  2. . 

Negative .  . 

do 

do 

do 

Negative... 
Positive 2 . . 

do.2... 

do.2... 

do.2... 

do.'... 

do.2... 

do.2... 

Negative.. 

do 

do 

Pure. 

fGrossly 
\    adulterated. 
(Somewhat 
\    adulterated. 

Do. 

fBadly 

\    adulterated. 

Do. 

/Slightly 

1    adulterated. 

fBadly 

\    adulterated. 

/Very  slightly 

\    adulterated. 

White  shellac 
varnish ' 

Dry  white 
shellac.'  .. 

Garnet  Lac . . . 

*'C"    Garnet 

Lac. 
Button  Lac  . . 

Stick  Lac 

Seed  Lac 

/11.3\..  . 
\l0.9f11-1 

\4o.ir° 

\18.7/18-8 

:  Sample  submitted  to  bureau  for  test  by  another  branch  of  the  Government. 

2  Decided  test  for  rosin. 

3  Faint  test  for  rosin. 


V/alkerl 
Steele    J 


Shellac. 
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TABLE  5. — Examination  of  Commercial  Orange  Shellac  Varnishes. 


Num-  1   Vola- 
ber.         tile. 


100. 
102. 
103. 
104. 
106. 

108. 
110. 
112. 
113. 
114. 


117. 
118. 
119. 
120. 

121. 
122. 
124. 
125. 

126. 
130. 
131. 
135. 

136. 
138. 
140. 
141. 


Per  ct. 
62.1 
59.9 
55.0 

68.5 
57.4 

55.8 
62.2 
59.4 
59.7 
64.2 

64.4 
44.7 
49.0 
53.0 
56.5 

54.1 
41.5 
58.8 
58.6 
56.8 

59.5 
64.1 
33.3 
65.5 
56.7 

60.0 
52.9 
46.0 
70.3 
65.3 

66.5 
53.5 
51.0 

57.1 
56.9 

57.1 
59.1 
52.2 
51.2 
61.3 


55.7 
55.0 
56.6 
54.9 

56.2 
59.7 
62.8 
59.3 

59.6 
60.2 
54.9 
63.8 

62.1 

60.2 
59.4 
64.0 


Petro- 

,      leum 

PfJP1-    ether 

residue 


Pounds 


Ion. 


4.00 
4.42 
5.40 
3.04 

4.91 

5.21 
4.02 
4.51 
4.45 
3.69 

3.65 
8.18 
6.87 
5.85 
5.08 

5.58 
9.20 
4.62 
4.66 
5.01 

4.49 
3.69 
13.25 
3.48 
5.05 

4.40 
5.88 
6.60 
2.79 
3.51 

3.32 
5.74 
6.34 
4.95 
5.00 

4.95 
4.56 
6.06 
6.30 
4.16 


5.25 

5.40 
5.06 
5.43 

5.15 
4.46 
3.91 
4.53 

4.47 
4.36 
5.43 
3.74 

4.02 
4.36 
4.51 
3.71 


Per  ct. 
8.9 
16.3 
37.3 
15.2 
25.5 

9.3 
33.1 
58.2 
16.0 
44.2 

44.4 
44.9 
43.2 
37.7 
27.9 

51.5 
43.8 
36.6 
7.4 
28.2 

16.1 
16.5 
46.1 
9.7 

7.4 

46.3 
44.2 
50.0 
42.6 
7.2 

8.3 
30.8 
37.1 

5.0 
25.0 

29.4 
8.7 
32.3 
35.1 
6.8 


5.3 
6.9 

4.2 

6.1 

6.7 
13.6 

6.4 
10.7 

10.4 
11.8 
14.1 
6.5 

7.4 
15.2 
8.8 
6.7 


Acid 
num- 
ber. 


125.2 
128.0 
126.5 
129.5 
139.1 

53.4 
147.3 

95.8 
130.2 
114.7 

129.5 
80.5 
110.6 
105.8 
108.0 

110.8 
122.2 
143.5 
39.1 
126.1 

122.5 

125.3 
132.1 
29.1 
70.7 

123.8 
116.0 
133.1 
143.5 
65.3 

53.4 
147.5 
150.2 

63.0 
162.0 

153.4 

109.8 
147.0 
151.0 
43.0 


82.8 
67.3 
97.1 

77.0 

63.7 
120.5 
57.6 
28.6 

58.4 
105.8 
114.1 

46.0 

72.1 
120.8 
70.8 
61.6 


Very  positive . 

Positive 

do 

do 


Very  positive . 


Positive . . 
..do.... 
..do.... 
..do.... 
..do.... 


do 

.do 

.do 

do 

.do 


do... 

do... 

do... 
Slight . . . 
Positive . 


....do 

....do 

Very  positive. 

Positive 

Negative 


Positive 

....do 

....do 

....do 

Slight 


Negative . 
Positive . . 
...do.... 
Negative. 
Positive . . 


....do.... 

Negative . 
Positive. . 


Removed... 

Unaffected . 

Removed... 

do ! do 

Negative Unaffected. 


Slight 

....do 

Negative 

Slight 


Turpentine 
film  test. 


Unaffected . 
do 


Removed... 

Unaffected 
Softens 


Unaffected. 
Removed... 

do 

Unaffected . 
Removed... 


do 

do 

Unaffected . 

do 

do 


Removed... 

do 

do 

Unaffected . 
Removed... 

Unaffected . 

do 

Removed... 
Unaffected. 
do 


Removed... 

do 

do 

do 

Unaffected. 


do 

Removed... 
do 

Unaffected . 
....do 


.do. 
do. 
.do. 
.do. 


Negative I do.. 

Positive do.. 

Negative do.. 

Positive Softens. 


do !  Unaffected. 

Very  slight \ de 

Positive do 

Positive  (slight) do 


Very  slight ' do. 

Negative do. 

Positive do. 

Negative do. 


Rating  of  sample. 


Somewhat  adulterated. 
Badly  adulterated. 
Grossly  adulterated. 
Badlv  adulterated. 
Grossly  adulterated. 

Somewhat  adulterated. 
Grossly  adulterated. 

Do. 
Badly  adulterated. 
Grossly  adulterated. 

Do. 
Do. 
Do. 
Do. 
Do. 

Do. 
Do. 
Do. 

Slightly  adulterated. 
Grossly  adulterated. 

Badly  adulterated. 

Do. 
Grossly  adulterated. 
Somewhat  adulterated. 
Suspicicus;  probably  pure. 

Grossly  adulterated. 

Do. 

Do. 

Do. 
Practically  pure. 

Somewhat  adulterated. 
Grossly  adulterated. 

Do. 
Pure. 
Grossly  adulterated. 

Do. 
Somewhat  adulterated. 
Grossly  adulterated. 

Do. 
Slightly  suspicious;    prob- 
ably pure. 

Very  slightly  adulterated. 

Do. 
Suspicious:  probably  pure. 
Very  slightly  adulterated. 

Pure. 

Badly  adulterated. 

Pure. 

Somewhat  adulterated. 

Do. 
Do. 

Badly  adulterated. 

Very  slightly  adulterated. 

Do. 
Badly  adulterated. 
Somewhat  adulterated. 
Pure. 


The  modified  Mcllhiney  petroleum-ether  method  has  been  used 
recently  by  H.  A.  Gardner,  of  the  Institute  of  Paint  and  Varnish 
Research,  Washington,  D.  C,  in  the  examination  of  a  series  of 
orange  shellac  varnishes.     The  turpentine  film  test  was  made  by 
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flowing  the  various  samples  on  strips  of  clean  tin  plate,  allowing 
the  coating  to  dry  for  one  day,  immersing  the  panels  in  turpentine 
overnight,  and  noting  the  condition  of  the  film.  With  his  permis- 
sion, the  data  obtained  by  him  on  these  samples  are  given  in 
Table  5. 

In  the  last  column  of  Table  5  are  found  ratings  of  the  samples 
according  to  the  method  of  Table  3.  It  will  be  observed  that 
a  large  number  of  the  samples  were  found  to  be  badly  or  grossly 
adulterated,  but  the  conclusion  should  not  be  drawn  that  these 
samples  are  necessarily  representative  of  shellac  varnishes  upon 
the  market,  because  it  is  believed  that  many  of  the  samples  were 
selected  for  test  because  of  suspected  adulteration. 

In  every  case  where  the  dried  film  of  a  sample  of  shellac  varnish 
was  reported  as  removed  in  the  turpentine  film  test  the  examina- 
tion of  the  sample  indicated  gross  adulteration.  Some  samples 
that  were  found  to  be  grossly  adulterated  were  reported  to  be 
unaffected  in  the  turpentine  film  test,  and  for  this  reason  this 
qualitative  test  is  of  value  only  where  it  is  positive.  When  a 
dried  film  of  shellac  varnish  is  removed  by  immersion  overnight 
in  turpentine,  it  is  believed  to  be  safe  to  say  that  the  sample  is  badly 
adulterated.  It  might  be  preferable  to  make  this  test  upon  a 
baked  film  of  shellac — for  example,  a  film  that  has  been  baked  at 
100  to  1050  C.  for  two  hours. 

V.  MATERIAL   INSOLUBLE   IN   ALCOHOL. 

Shellac  normally  contains  a  small  percentage  of  mineral  matter, 
partly  dirt  and  partly  orpiment  added  during  the  process  of 
manufacture.  The  Navy  Department  requires  in  its  specification 
for  grade  A  shellac  a  content  of  not  more  than  1.75  per  cent  of 
material  insoluble  in  hot  95  per  cent  ethyl  alcohol  and  similarly 
not  more  than  3  per  cent  of  insoluble  matter  in  their  grade  B 
shellac.  No  method  for  making  the  determination  of  the  material 
insoluble  in  alcohol  is  given  in  the  Navy  Department  specification. 

Committee  D-i  on  preservative  coatings  of  the  American 
Society  for  Testing  Materials  adopted  in  191 7  a  standard  method 
for  determining  the  material  insoluble  in  alcohol  in  orange  shellac.10 
In  this  method  a  weighed  sample  of  shellac  is  extracted  for  two 
hours  in  a  paper  cartridge  in  a  Knoefier  extraction  apparatus  with 
hot  99.5  per  cent  methyl  alcohol.  At  different  times  difficulty 
has  been  experienced  at  the  Bureau  of  Standards  with  this  method, 
and  it  has  been  learned  that  other  laboratories  have  had  difficulty 

10  A.  S.  T.  M.  Standards,  1921,  p.  665. 
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in  obtaining  satisfactory  agreement  in  duplicate  determinations 
by  this  method.  In  general,  the  results  are  higher  when  99.5  per 
cent  methyl  alcohol  is  used  than  with  95  per  cent  specially  dena- 
tured alcohol  under  the  same  conditions. 

The  regulations  of  the  U.  S.  Internal  Revenue  Bureau,  together 
with  the  high  price  of  methyl  alcohol  as  compared  with  denatured 
alcohol  have  practically  restricted  the  solvent  for  commercial 
shellac  varnishes  to  the  specially  denatured  alcohol  (formula 
No.  1).  It  seems  logical  that  the  determination  of  the  material 
insoluble  in  alcohol  should  be  made  with  this  solvent,  composed 
of  a  mixture  of  100  gallons  of  1900  proof  ethyl  alcohol  and  5 
gallons  of  approved  wood  (methyl)  alcohol.11 

A  method  for  matter  insoluble  in  alcohol  in  shellac,  used  for  a 
number  of  years  in  Government  laboratories  l2  was  selected 
because  of  its  simplicity  as  compared  with  the  A.  S.  T.  M.  method. 
Determinations  of  material  insoluble  in  alcohol  were  made  on 
most  of  the  shellac  samples  described  in  Table  2,  using  the  specially 
denatured  alcohol  previously  described. 

1.  METHOD  FOR  THE  DETERMINATION  OF  MATERIAL  INSOLUBLE  IN 

HOT  ALCOHOL. 

Thoroughly  grind  a  representative  sample  of  at  least  20  g  of 
shellac  in  a  mortar,  accurately  weigh  about  2  g  and  transfer  to  a 
small  beaker.  (In  the  case  of  a  shellac  varnish  thoroughly  mix 
the  sample,  weigh  an  amount  containing  approximately  2  g  of 
nonvolatile  residue,  and  transfer  to  a  beaker.)  Heat  the  sample 
with  25  cc  of  95  per  cent  specially  denatured  alcohol  (U.  S. 
Internal  Revenue  Bureau  formula  No.  1)  until  the  resin  and  wax 
are  in  solution.  Draw  a  small  volume  of  boiling  alcohol  through 
a  weighed  Gooch  crucible  (prepared  in  the  usual  way)  and  at 
once  filter  the  boiling  shellac  solution,  using  suction.  Transfer 
the  insoluble  material  from  the  beaker  to  the  crucible  with  hot 
alcohol  from  a  wash  bottle,  using  a  "policeman,"  if  necessary. 
Wash  the  residue  in  the  crucible  with  boiling  alcohol  until  the 
washings  are  colorless,  and  then  wash  three  times  more,  nearly 
filling  the  crucible  each  time  (it  will  be  necessary  to  shut  off  the 
suction  momentarily  to  fill  the  crucible).  Wash  off  any  film  of 
shellac  on  the  bottom  or  sides  of  the  crucible  and  dry  to  constant 
weight  at  105-no0  C.  The  weight  of  the  residue  multiplied  by 
100  and  divided  by  the  weight  of  the  sample  represents  the  per- 
centage of  material  insoluble  in  hot  alcohol. 

11  Regulations  No.  61  of  the  U.  S.  Internal  Revenue  Bureau. 
13  B.  S.  Miscl.  Pubs.  No.  15. 
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The  samples  of  orange  shellac  described  in  Table  2  were  exam- 
ined by  the  Gooch  crucible  method  for  material  insoluble  in  alcohol 
and  the  results  obtained  are  given  in  the  last  column  of  that 
table.  It  is  worthy  of  note  that  the  shellac  samples  which  were 
rated  as  pure  contained  on  the  average  appreciably  less  material 
insoluble  in  hot  alcohol  than  the  samples  rated  as  adulterated  or 
suspicious.  Only  one  sample  of  the  14  "pure"  shellacs  yielded 
over  1.75  per  cent  of  material  insoluble  in  alcohol,  while  11 
samples  showed  less  than  1.50  per  cent.  Only  3  samples  of  the 
12  adulterated  or  suspicious  shellacs  showed  less  than  1.50  per 
cent  of  material  insoluble  in  alcohol,  while  5  samples  showed  over 
2.00  per  cent. 

The  samples  of  shellac  numbered  Con.  10479  and  Con.  10484, 
both  pure  materials  of  a  grade  known  as  D.  C,  offered  diffi- 
culty in  the  filtration  on  a  Gooch  crucible.  Some  constituent  of 
the  insoluble  material  tended  to  clog  the  asbestos  and  hinder 
the  filtration.  These  samples  were  submitted  to  a  continuous 
extraction  in  an  apparatus  of  the  Knoefier  type.  The  extraction 
proceeded  very  slowly  with  both  samples,  eight  hours  being 
necessary  for  completion.  The  results  for  material  insoluble  in 
alcohol  on  these  two  samples  given  in  Table  2  were  obtained  by  a 
continuous  extraction  for  eight  hours  with  the  95  per  cent  specially 
denatured  alcohol. 

It  is  believed  that  samples  of  orange  shellac  will  seldom  be 
found  that  will  offer  difficulty  in  the  filtration  upon  a  Gooch 
crucible.  It  is  recommended,  in  case  such  samples  are  encoun- 
tered, that  determinations  of  material  insoluble  in  alcohol  be  made 
with  a  continuous  extraction  apparatus  of  the  Knoefier  type, 
using  95  per  cent  specially  denatured  alcohol  (U.  S.  Internal 
Revenue  Bureau  formula  No.  1).  In  such  cases,  extraction 
should  be  continued  for  one  hour  after  the  alcohol  runs  colorless 
through  the  thimble. 

VI.  THE  DETERMINATION   OF   NONVOLATILE   MATTER  IN 
SHELLAC    VARNISH. 

The  following  method  is  recommended  for  the  determination 
of  the  percentage  of  nonvolatile  matter  in  shellac  varnish.  Place 
a  portion  of  the  well-mixed  sample  in  a  stoppered  bottle  or  weigh- 
ing pipette.  Weigh  the  container  and  sample.  Transfer  1.5  g 
(±0.5  g)  of  the  sample  to  a  weighed  flat-bottomed  metal  dish 
about  8  cm  in  diameter  (a  friction-top  can  plug).  Weigh  the  con- 
tainer again  and  by  difference  calculate  the  exact  weight  of  the 
portion  transferred  to  the  weighed  dish.     Heat  the  dish  and  its 
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contents  in  an  oven  maintained  at  100-105 °  C.  (212-2210  F.)  for 
three  hours;  cool  and  weigh.  From  the  weight  of  the  residue  left 
in  the  dish  and  the  weight  of  the  sample  taken  calculate  the  per- 
centage of  nonvolatile  residue.  To  calculate  the  ratio  of  shellac 
to  alcohol  in  a  shellac  varnish  in  terms  of  pounds  of  resin  to  a 
gallon  of  solvent,  it  is  necessary  to  know  the  percentage  of  non- 
volatile residue  and  the  specific  gravity  at  15.50  C.  of  the  alcohol. 
Distill  a  sample  of  the  shellac  varnish  nearly  to  the  dry  point,  but 
not.  far  enough  to  decompose  the  shellac  residue.  Determine  the 
specific  gravity  of  the  distillate  at  15. 50  C./15.50  C.  by  a  hydrometer 
or  any  other  accurate  method.  Calculate  the  weight  of  a  gallon 
of  this  distillate  by  multiplying  the  specific  gravity  by  8.33  (weight 
of  a  gallon  of  water  at  15. 50  C).  Calculate  the  pounds  of  shellac 
cut  in  a  gallon  of  alcohol  (y)  from  the  following  formula : 

aXb 
100  —  6 

where  a  is  the  weight  in  pounds  of  a  gallon  of  the  alcohol  and  b 

is   the    percentage    of    nonvolatile    matter    in    the    sample.     For 

example,  a  shellac  varnish  is  found  to  contain  40.0  per  cent  of 

nonvolatile  matter,  and  the  distillate  is  found  to  have  a  specific 

gravity  of  0.816  at  15. 50  C./15.50  C.  (95  per  cent  alcohol). 

a  =  0.816  x8. 33  =  6.80  pounds 

6.80X40  ,  „ 

y  = -T-  =4.53  pounds  per  gallon 

Where  only  approximate  values  are  required,  it  can  be  safely 
assumed  that  the  alcohol  in  a  shellac  varnish  weighs  6.8  pounds  per 
gallon. 

VII.  THE  COLOR  OF  ORANGE  SHELLAC. 

Normal  samples  of  orange  shellac  contain  small  percentages 
of  mineral  matter,  wax,  and  inclosed  bubbles  of  air.  As  pre- 
viouslv  mentioned,  a  small  amount  of  orpiment  is  usually  added 
in  the  manufacture  of  shellac.  The  shellac  flakes  are  therefore 
not  transparent  to  light,  and  for  this  reason  color  standards  for 
comparison  with  the  flakes  are  not  practicable.  The  apparent 
light  color  of  some  samples  of  orange  shellac  may  be  misleading 
where  such  effect  is  caused  by  air  bubbles  or  the  use  of  orpi- 
ment. When  such  a  sample  is  dissolved  in  alcohol,  the  orpiment 
tends  to  slowly  settle,  the  inclosed  air  bubbles  are  released,  and 
the  resulting  solution  may  be  darker  than  the  solution  of  a  flake 
shellac  containing  less  inclosed  air  and  orpiment  and  apparently 
of  a  darker  shade  when  in  flake  form. 
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VIII.  SUGGESTED    SPECIFICATION    FOR   PURE    ORANGE 

SHELLAC. 

Orange  shellac  must  be  in  flake  form,  and  any  flakes  which 
have  stuck  together  must  separate  readily  under  hand  pressure. 
When  tested  by  the  modified  Mcllhiney  method,  a  sample  must 
not  show  a  residue  of  material  soluble  in  petroleum  ether  greater 
than  7.0  per  cent,  and  the  acid  number  of  this  residue  must  be 
between  the  limits  of  60  and  90. 

The  residue  of  material  soluble  in  petroleum  ether  must  give 
a  negative  test  for  rosin  with  the  Halphen-Hicks  reagent.  The 
residue  of  material  insoluble  in  hot  95  per  cent  denatured  alcohol 
(U.  S.  Internal  Revenue  Bureau  formula  No.  1)  must  not  exceed 
1.75  per  cent. 

IX.  SUGGESTED    SPECIFICATION    FOR    PURE    ORANGE 
SHELLAC   VARNISH. 

Orange  shellac  varnish  must  contain  not  less  than  40.0  per  cent 
by  weight,  of  nonvolatile  matter,  the  volatile  matter  to  be  spe- 
cially denatured  alcohol  of  1900  proof  (U.  S.  Internal  Revenue 
Bureau  formula  No.  1).  The  film  of  shellac  on  clean,  bright  tin, 
after  drying  over  night,  must  be  as  hard  as  and  resist  the  action 
of  turpentine  as  well  as  a  varnish  made  from  pure  orange  flake 
shellac  and  1900  proof  specially  denatured  alcohol. 

When  tested  by  the  modified  Mcllhiney  method,  a  sample 
must  not  show  a  residue  of  material  soluble  in  petroleum  ether 
greater  than  7.0  per  cent,  based  upon  the  weight  of  nonvolatile 
matter  in  the  sample,  and  the  acid  number  of  this  residue  must 
be  between  the  limits  of  60  and  90. 

The  residue  of  material  soluble  in  petroleum  ether  must  give 
a  negative  test  for  rosin  with  the  Halphen-Hicks  reagent. 

The  residue  of  material  insoluble  in  hot  95  per  cent  specially 
denatured  alcohol  must  not  exceed  1.75  per  cent,  based  upon  the 
weight  of  nonvolatile  matter  in  the  sample. 

Washington,  December  20,  1922. 


TESTS  OF  HEAVILY  REINFORCED  CONCRETE  SLAB 
BEAMS;  EFFECT  OF  DIRECTION  OF  REINFORCE- 
MENT ON  STRENGTH  AND  DEFORMATION. 

By  Willis  A.  Slater  and  Fred  B.  Seely. 


ABSTRACT. 

The  tests  here  reported  were  made  as  a  part  of  the  investigational  work  of  the  con- 
crete ship  section  of  the  Emergency  Fleet  Corporation  for  the  purpose  of  determining 
the  relative  economy  of  using  as  reinforcement  for  the  shell  of  the  ship  bars  placed 
at  right  angles  to  the  frames  which  support  the  shell,  bars  placed  at  some  other  angle 
with  the  frames,  and  expanded  metal.  These  three  types  of  reinforcement  were  used 
in  slab  beams  which  were  about  4  inches  thick,  27X  inches  wide,  5  feet  between 
supports,  and  which  were  supported  on  two  edges  only.  The  loads  were  applied  at 
the  one-third  points  of  the  span.  Analysis  of  this  type  of  structure  indicates  that 
with  the  same  percentages  of  reinforcement  in  all  cases  the  stresses  and  deflections 
will  be  greater  the  greater  the  angle  between  the  direction  of  the  span  and  the  direc- 
tion of  the  reinforcement.  The  results  agree  in  a  general  way  with  the  indications 
from  the  analysis.  To  this  extent  they  indicate  that  the  most  economical  reinforce- 
ment for  a  slab  supported  on  only  two  edges  is  that  whose  direction  is  the  same  as  the 
direction  of  the  span.  The  tests  give  no  information  on  the  value  of  diagonal  reinforce- 
ment in  resisting  stresses  parallel  to  the  supports  due  to  shrinkage,  temperature 
changes,  etc.,  or  in  resisting  the  stresses  set  up  when  the  slabs  are  supported  on  four 
sides. 
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I.  INTRODUCTION. 

1.  PRELIMINARY  STATEMENT. 

This  paper  presents  the  results  of  tests  of  26  slabs,  tested  as 
simple  beams,  having  four  types  of  reinforcement.  The  slab 
beams  were  approximately  4  inches  thick  and  27^  inches  wide; 
and  the  four  types  of  reinforcement  consisted  of  (a)  plain  round 
bars  laid  direct  between  supports,  referred  to  in  this  paper  as 
direct  reinforcement;  (b)  diamond  mesh  expanded  metal  with  the 
long  dimensions  of  the  diamonds  parallel  to  the  direction  of  the 
span;  (c)  plain  round  bars  laid  in  two  bands  making  45 °  with  the 
direction  of  the  span  of  the  beam  and  900  with  each  other,  referred 
to  in  this  paper  as  two-way  diagonal  reinforcement;  and  (d)  plain 
round  bars  laid  in  one  band  making  45  °  with  the  direction  of  the 
span,  referred  to  in  this  paper  as  one-way  diagonal  reinforcement. 

The  tests  were  made  at  the  John  Fritz  civil  engineering  labora- 
tory of  Lehigh  University  as  part  of  the  investigative  work  of  the 
concrete  ship  section  of  the  Emergency  Fleet  Corporation.  The 
structural  laboratory  investigative  work  of  the  concrete  ship  sec- 
tion was  in  charge  of  Mr.  Slater,  of  the  Bureau  of  Standards,  who 
was  detailed  to  the  Emergency  Fleet  Corporation.  The  labora- 
tory work  at  Lehigh  University  was  started  under  the  direction 
of  Maj.  W.  M.  Wilson  and  completed  under  the  direction  of 
Maj.  A.  R.  Lord.  The  making  of  the  tests  reported  in  this  paper 
was  in  charge  of  G.  G.  Scofield,  and  the  report  of  the  tests  to  the 
Emergency  Fleet  Corporation  was  prepared  by  H.  R.  Thomas. 
Messrs.  Thomas  and  Scofield  were  structural  engineers  of  the 
Emergency  Fleet  Corporation.  Mr.  Thomas's  report  has  been  of 
great  value  in  the  preparation  of  this  paper. 

An  abstract  of  an  article  by  E.  Suenson,  of  Copenhagen, 
is  included  as  an  appendix.  The  field  covered  by  Professor 
Suenson 's  analysis  and  tests  is  practically  the  same  as  that  of 
this  paper.  No  other  data  of  tests  of  this  kind  are  known  to  the 
writers,  and  therefore  Suenson 's  article  is  of  considerable  interest. 
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2.  PURPOSE  OF  THE  TESTS. 

In  the  design  of  a  concrete  ship,  there  are  conditions  that  make 
it  desirable  to  use  diagonal  reinforcement  in  the  sides  of  the  ship. 
But  in  a  slab  beam  the  stress  in  the  bars  of  diagonal  reinforcement 
for  a  given  load  is  considered  to  be  greater  than  the  stress  that 
would  occur  in  the  same  bars  if  laid  parallel  to  the  direction  of 
the  span;  the  stress  is  generally  assumed  to  be  greater  in  propor- 
tion to  the  secant  of  the  angle  that  the  diagonal  bars  make  with 
the  direction  of  the  span.  This  method  is,  of  course,  applicable 
in  determining  the  stress  in  diagonal  members  of  pin-connected 
structures,  such  as  a  bridge  truss,  and  is  frequently  referred  to  as 
the  secant  method. 

If  the  assumption  is  correct  that  the  secant  method  is  applica- 
ble to  diagonal  reinforcement  in  concrete  beams,  then,  in  order 
that  a  slab  beam  having  45  °  diagonal  reinforcement  shall  develop 
a  resisting  moment  equal  to  that  in  a  similar  beam  having  direct 
reinforcement,  approximately  twice  1  the  weight  or  volume  of 
steel  will  be  required.  This  increase  in  weight  is  objectionable 
in  a  concrete  ship,  particularly  since  the  percentage  of  reinforce- 
ment is  high. 

Since  no  test  results  were  available  to  indicate  whether  or  not 
diagonal  reinforcement  takes  stress  in  accordance  with  the  secant 
method  of  computation,  the  tests  herein  reported  were  made  to 
obtain  information  on  the  behavior  of  diagonal  reinforcement 
consisting  of  unconnected  bars  and  of  expanded  metal  in  slab 
beams,  and  to  obtain  data  by  which  a  comparison  of  the  value 
of  the  various  types  of  reinforcement  mentioned  above  could  be 
made. 

The  tests  were  planned  with  the  view  of  making  the  test  results 
as  directly  applicable  to  concrete  ship  design  as  possible.  There 
are  certain  features  of  the  tests,  therefore,  which  vary  somewhat 
from  the  conditions  that  usually  obtain  in  concrete  structural 
design.  For  example,  a  very  rich  mix  and  a  large  percentage  of 
reinforcement  were  used,  and  the  slabs  were  relatively  thin. 
These  conditions  have  rendered  it  difficult  to  make  a  refined 
analysis  of  the  test  data,  since  the  position  of  the  reinforcement 
in  the  slab  beam  and  the  variation  of  the  stress  on  a  cross  section 
of  the  beam  become  important  factors  in  the  analysis,  but  factors 
that  can  not  be  known  with  certainty.     However,  although  the 

1  Somewhat  less  than  twice  the  weight  would  be  required  since  with  diagonal  reinforcement  the  value  k 
<the  proportionate  depth  to  the  neutral  axis)  for  a  given  ratio  of  reinforcement  is  smaller  than  for  direct 
reinforcement,  and  hence  jd  is  larger  and  the  stress  correspondingly  less. 
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conclusions  suggested  in  this  paper  may  not  be  as  well  established 
as  is  desirable,  several  methods  of  analysis  have  led  to  substan- 
tially the  same  results,  and  the  test  results  give  valuable  informa- 
tion on  a  number  of  important  features  concerning  reinforced 
concrete  design. 

3.  ANALYSIS  OF  BEAMS  WHOSE  REINFORCEMENT  MAKES  AN  ANGLE  0 

WITH  THE  SPAN. 

In  the  analysis  of  beams  in  which  diagonal  reinforcement  is 
used  many  of  the  conditions  are  so  different  from  the  case  usually 
considered,  in  which  the  reinforcing  bars  have  the  same  direction 
as  the  span  of  the  beam,  that  it  seems  desirable  to  show  here  the 
derivation  of  formulas  for  the  properties  of  a  beam  in  which  the 
reinforcement  is  so  placed  that  the  axis  of  the  bar  (or  the  axis  of 
a  strand,  as  in  the  case  of  expanded  metal)  makes  an  angle,  6 
with  the  direction  of  the  span. 

Usually  it  is  assumed  that  all  the  stress  in  the  tension  reinforce- 
ment is  concentrated  at  the  center  of  gravity  of  the  cross  section 
of  the  reinforcement.  For  beams  of  usual  proportions  this  is  a 
sufficiently  close  approximation,  but  in  the  shallow  beams  here 
discussed  in  which  the  distance  between  layers  of  reinforcement 
was  a  considerable  proportion  of  the  depth  of  the  beam,  the  error 
involved  in  such  an  assumption  may  be  of  importance.  It  was 
assumed  in  this  analysis  that  for  each  layer  of  reinforcement  the 
stress  was  constant  over  its  section  and  proportional  in  intensity 
to  the  distance  of  the  center  of  gravity  of  the  section  from  the 
neutral  axis.  There  were  some  indications  in  the  tests  that  this 
was  not  strictly  true,  but  the  information  available  was  not 
sufficiently  extensive  to  afford  a  basis  for  any  other  assumption 
which  would  give  promise  of  securing  more  exact  results  than  the 
assumption  used. 

This  analysis  uses  as  the  depth,  d,  the  distance  from  the  com- 
pression surface  to  the  centroid  of  the  area  of  the  tension  reinforce- 
ment. For  exactness  the  depth,  d,  should  be  the  distance  from 
the  compression  surface  to  the  centroid  of  the  tensile  stresses,  but 
since  in  order  to  determine  that  distance  it  is  necessary  first  to 
know  the  depth  to  the  neutral  axis  which  is  dependent  on  the 
percentage  of  reinforcement,  and  since  this  in  turn  is  dependent  on 
the  depth,  d,  it  is  apparent  that  the  problem  is  indeterminate  and 
for  ordinary  cases  the  use  of  the  depth  to  the  centroid  of  the 
tension  area  will  be  satisfactory. 
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A  more  exact  value  may  be  obtained,  if  desired,  by  successive 
approximations  as  follows:  An  approximate  value  of  the  pro- 
portionate depth,  k,  to  the  neutral  axis  may  be  derived  from 
equation  (9) ,  in  which  p  is  based  upon  the  depth  to  the  centroid 
of  the  tension  area.  Making  use  of  the  value  of  k  so  obtained, 
the  distance  5  from  the  centroid  of  the  areas  to  the  centroid  of 
the  stresses  may  be  determined  very  closely  from  equation  (11). 
This  distance  added  to  the  assumed  depth  (the  distance  from 
the  compression  surface  to  the  centroid  of  the  tension  areas) 
gives  very  closely  the  desired  depth  to  the  centroid  of  tensile 
stresses.  From  this  depth  a  new  percentage  of  reinforcement 
may  be  determined  from  equation  (1)  and  a  more  exact  value  of  h. 
The  values  so  obtained  will  be  nearly  correct.  Any  higher  degree 
of  accuracy  may  be  obtained  by  a  continued  process  of  approxi- 
mation. 

Since  the  ratio,  by  volume,  of  reinforcement  to  concrete  affords 
a  direct  measure  of  the  relative  quantity  of  the  two  materials 
required  in  any  beam,  this  ratio  has  been  used  in  making  the 
comparison  between  beams  with  direct  reinforcement  and  beams 
with  diagonal  reinforcement.  Although  in  the  analysis  of  rein- 
forced concrete  beams  the  ratio  (or  percentage)  of  reinforcement 
is  usually  considered  as  a  ratio  of  cross-sectional  areas,  it  is  also, 
in  fact,  a  ratio  by  volume,  hence  the  procedure  used  in  this  analysis 
is  not  a  departure  from  the  usual  method  but  an  extension  to 
cover  the  more  general  case. 

In  the  derivations  which  follow  it  was  assumed  that  in  two 
beams,  similar  except  for  the  direction  of  reinforcement,  the 
stress  in  the  reinforcement  is  proportional  to  the  secant  of  the 
angle  6  when  the  beams  are  loaded  similarly  and  in  equal  amounts. 
Except  as  stated  above  the  analysis  was  based  upon  the  usual 
assumptions  for  reinforced  concrete  beams.     These  are  as  follows: 

1.  A  plain  section  before  bending  remains  plain  after  bending. 

2.  The  modulus  of  elasticity  in  compression  as  well  as  that  in 
tension  is  constant.  The  stress  distribution  is,  therefore,  recti- 
linear. 

3.  In  calculating  the  moment  of  resistance  the  tensile  resistance 
of  the  concrete  is  neglected. 

4.  Adhesion  between  the  concrete  and  reinforcement  is  perfect. 
The  notation  employed  where  not  apparent  from  the  figures  is 

as  follows : 

1.  The  subscripts  ,  and  2  assign  to  any  two  beams  1  and  2  the 
dimensions  or  properties  to  which  they  are  attached. 
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^4s=right  sectional  area  of  steel  in  width,  b,  of  beam,  where  6  is 
measured  perpendicular  to  the  direction  of  the  span. 

n=  pr  =  ratio  of  modulus  of  elasticity  of  steel  to  that  of  concrete. 

Etc 

F  =  total  flexural  stress  (either  tension  or  compression)  in  direc- 
tion of  span. 
/s  =  tensile  unit  stress  in  steel. 
/c  =  compressive  unit  stress  in  concrete. 
6j  =  unit  deformation  in  the  direction  of  the  span  on  the  tension 

side  of  the  beam. 
ec  =  unit  deformation  in  the  direction  of  the  span  in  the  extreme 

fiber  in  compression. 
M=  bending  moment  in  the  direction  of  the  span. 


T 


tsbby 


Fig.  1. — Sketch  illustrating 
deformation  in  a  diagonal 
reinforcing  bar  under 
stress. 


c.q.  fen5.5fre55 

Fig.  2. — Sketch  illustrating  deformation  in  a 
beam  having  two  layers  of  tensile  reinforce- 
ment. 

W  =  total  load  on  beam. 

/  =  length  of  span. 
K  =  constant  for  bending  moment,  dependent  on  manner  of  load- 
ing. 

q  =  constant  for  deflection,  dependent  on  manner  of  loading. 

(a)  Expression  for  Volume  Ratio  of  Reinforcement,  p, 
and  Right  Sectional  Area  of  Reinforcement,  Aa  (see  Fig.  3). 

A  J,  J 'cos  6  _     A  8 


P~ 


(1) 
(2) 


bdl  bd  cos  d 

As=pbd  cos  d. 

(6)  Expressions  for  Deformation  ez  in  the  Direction  of 
the  Span  in  Terms  of  the  Tensile  Stress  in  the  Reinforce- 
ment, When  the  Reinforcement  Makes  an  Angle  6  with 
The  Span  (see  Fig.  1). — Let  A  be  a  point  on  reinforcing  bar  at 
17153°— 23 2 
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the  center  of  the  span.  It  is  evident,  from  symmetry,  that  it 
will  not  move  (except  vertically)  when  the  bar  is  stressed  due 
to  bending.  Let  B  be  original  position  of  any  other  point  on  the 
same  bar.  Neglecting  Poisson's  ratio,  all  points  in  the  reinforce- 
ment will  move  in  the  direction  of  the  span  as  the  load  comes  on, 

Values  of  $  in  degrees 


45   40     35      30     Z5     20    15    10  0, 


*» 


j=i-3k         -*— z 
k=izpn  cc6a9+(pn  C0549f-pn  cos48 
p = volume  ratio  of  reinforcement 


0.3 
02 

01 
0 


0  O.Z  0.4  0.6  0.8  1.0 

Values  ofpn  co548 

Fig.  3. — Diagram  giving  values  ofk,  j,  and  kjfor  varying  values  of  p,  n,  and  6. 


The  values  of  k  and  j  given  in  Fig.  3  are  from  the  equations  given  on  the  diagram.  The  values  of  kj  will 
be  of  convenience  in  computing  compressive  stresses  in  the  concrete  by  means  of  the  usual  formulas.  Enter- 
ing the  diagram  at  the  right  with  the  correct  value  of  pn  proceed  horizontally  as  indicated  by  the  arrow  to 
the  intersection  with  the  inclined  line  representing  the  correct  value  of  6.  This  intersection  gives  the 
value  of  pn  cos4  8  ( shown  as  abscissas)  Thence  proceed  vertically  to  the  intersection  with  the  curve  repre- 
senting the  function  desired  The  value  of  the  function  may  then  be  read  directly  from  the  scale  at  the 
left  The  values  of  pn  cos4  8  having  been  included  in  the  above  operation  need  not  be  further  considered 
in  using  the  diagram. 

and  B  will  take  the  new  position  B' .     Approximately  ABC,  ACB, 
and  BCB'  are  right  angles  and  BB'C  =  d. 


E, 


BB' 
BD 


BB'  = 


CB' 
cos  6 


BD=AB  cos  6  =  AC  cos  d      (3) 


==CB^_1_  fs 

€l     AC  cos2  6     E*  cos2  6 


(4) 


(c)  Expression  for  the  Proportionate  Depth,  k,  to  the 
Neutral  Axis"  (see  Figs.  2  and  3). 


F  =  A4e- cos  6  =  pbd  cos  0/s-cos  6  =  '~  kbd 


(5) 


since  total  tension  is  equal  to  total  compression. 


§£%]                     Tests  of  Reinforced  Concrete  Slabs.  305 

l-k  =  pU  cos2  6,  (6) 

Ec_£6  cos2g  (7) 
fc<2      (l-fe)d 

-k2Ec=pEs  (1-k)  cos4  5,  and  (8) 


k  = -y,! 2 pn  cos4  d+  (pn  cos4  6)2-pn  cos4  6.    (See  Fig.  3).     (9) 

(d)  Expression  for  the  Moment  Arm,  jd,  for  a  Beam  in 
Which  Half  the  Reinforcement  is  Placed  in  Each  of  Two 
Horizontal  Layers,  Having  a  Vertical  Distance,  x,  Between 
Them. — Taking  moments  about  center  of  upper  layer  of  bars  (see 
Fig.  2). 

4=(H(^)A:  (I0) 


£(*-/.) 


5  -       s   ,  t —  = 7j — D\ »  since 

/z  +  /u  2  2  (a  -  M) 


(11) 


jd=d--k+5=(i-h+^,. *  ,.y       (13) 

(g)  Relation  Between  Direction  of  Reinforcement,  and 
Tensile  and  Compressive  Stresses  in  Two  Beams  when  the 
Applied  Moments  are  Equal. 
Since  M  =  Fjd=}»pjbd2  cos2  0 

<  M  . 

h     pjbd2  cos2  6  U4; 

.    /ei  ^p2j2b2d22  cos2  62 
"fB2     pjAdf  cos*  $;  {15) 


Likewise, 


U  =  kjbd2  (l6) 

fci     k2j2b2d2 


/C2         ^ljl^l^l 

/c  _  2/>  COS2  0 

7i"     * 


(17) 
(18) 


3o6 
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Figure  4  has  been  prepared  to  show  the  effect  of  the  direction 
of  the  reinforcement  on  the  compressive  stresses  in  beams  all  of 
which  have  the  same  computed  tensile  stress  in  the  reinforcement 
when  the  applied  moments  are  the  same.  A  beam  having  1  per 
cent  of  direct  reinforcement  is  used  as  the  basis  of  comparison. 
The  lower  curve  indicates  the  amount  of  diagonal  reinforcement 
needed  to  keep  the  tensile  stress  the  same  for  all  angles,  6,  up 
to  450.  The  upper  curve  shows  the  ratio  of  the  compressive  stress 
to  the  tensile  stress.  Since  the  tensile  stress  is  constant  as  long 
as  the  applied  bending  moment  is  constant,  the  ordinates  to  the 

.0/,  1  1  1  1 1 1  1  1  1  1  ,  1  11 n-03 


I 
^ 


to  09 


•s  ^ ' 

^     .OS 

10       15      ZO      25      30      35     40 
Anqle.d,  between  reinforcement  and  direction  of  5pon,dajrees 

Fig.  4. — Diagram  showing  ratio  of  compressive  to  tensile  stresses  in  beams  with  diagonal 
reinforcement  equivalent  to  I  per  cent  direct  reinforcement. 

upper  curve  give  also  a  measure  of  the  increase  in  the  compressive 
stress  with  increase  in  the  angle  6. 

(/)  Relation  Between  Loads  Carried  by  any  Two  Beams, 


M=KWl  =  pf3jbd2  cos2  0 

Wx     l&UjAd*  cos2  flt 
W2     lip2f^J2°2d22  cos2  02 

A, 


(19) 
(20) 


(g)  Ratio  of    Deflections,  -r->  where  Al  and  A2  are  the 

Deflections  of  Beams  of  Different  Dimensions  Having 
Reinforcement  at  Different  Angles,  dx  and  62,  with  the 
Direction  of  the  Span. 


From  equation  (4) 


A=q-j(ei  +  ec).     (See  footnote  2.) 

>s20 

k 


ZL  cos2  6 


u 


u 

1-k     Eacos2d'l-k 


(21) 

(22) 
(23) 
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Substitute  values  of  ei  ec  and  7s1  inequation  (21)  and  solve  for -r1- 

/P2  &2 


Aj  _  l?  b2d2sj2p2  cos4fl2  (l-fe2) 


(24) 


(/*)  Expressions  for  Volume  Ratio  and  Sectional  Areas 
for  Expanded  Metal. — Let  w  be  the  weight  in  pounds  per 
square  foot  of  expanded  metal  of  the  form  shown  in  Figure  5. 
Assume  the  weight  per  cubic  inch  of  steel' as  0.284  pound.  The 
ratio  of  the  volume  of  the  steel  in  a  beam  reinforced  with  ex- 


JectionA-A 

liofe:  Proportions  shown  are  approximately  those  for 
expanded  metal  hay inq  secfional  area  of  I  sq~ir).  per 
foot  Qfyy/tffh. 

FlG.  5. — Portion  of  metal  sheet  illustrating  deformations  due  to  the  expanding  process. 

panded  metal  to  the  volume  of  the  concrete  above  the  reinforce- 
ment is 

w  w 


P  = 


0.284  x144c/     4.o.gd 


(25) 


The  right  sectional  area  ABi  of  the  strands  of  expanded  metal 
of  the  type  shown  in  Figure  5  in  the  width,  b,  may  be  obtained 
by  substituting  this  value  of  p  in  equation  (2) : 


A  W0 

As  =  —  —  cos0; 


40.9 


/s=T 


40.9  M 


w  j  bd  cos2  6 


(26) 

(27) 


s  G.  A.  Maney,  Relation  between  deformation  and  deflection  in  reinforced  concrete  beams,  Proc.  A.     S. 
T.M.,  14,  Part  II,  p.  311;  1914. 
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In  determining  values  of  w  for  use  in  equations  (25),  (26),  and  (27) 
no  metal  should  be  included  which  is  added  for  the  purpose  of 
securing  a  lap  splice  or  which  for  any  other  reason  is  not  effective 
in  resisting  the  tensile  stress. 

II.  TEST  SPECIMENS,  MATERIALS,  AND  METHODS  OF 

TESTING. 

1.  FORMS  OF  TEST  SPECIMENS. 

The  forms  and  dimensions  of  the  slab  beams  tested  are  shown 
in  Figure  6.  All  the  beams  were  approximately  4  inches  thick 
and  5K  feet  long,  with  a  span  length  of  5  feet.  They  were  tested 
as  simple  beams  loaded  as  shown  in  Figure  9  with  two  equal  loads, 
each  load  being  distributed  across  the  beam  along  a  line  that  is 
parallel  to  the  lines  of  support,  and  each  load  line  being  6  inches 
from  the  center  line  of  the  beam  and  2  feet  from  the  center  line 
of  the  support.  The  distance  between  the  loads  was,  therefore, 
1  foot. 

The  beams  reinforced  with  unconnected  bars  laid  direct  between 
supports  (direct  reinforcement)  and  those  reinforced  with  expanded 
metal  had  a  width  of  about  27^  inches  for  the  whole  length  of 
the  span  as  shown  in  Figure  6.  For  a  distance  of  only  about  6 
inches  at  the  center  of  the  span,  the  beams  reinforced  with  bars 
laid  at  an  angle  of  45 °  with  the  direction  of  the  span  had  the 
same  width  as  the  beams  having  direct  reinforcement.  The  two 
ends  of  these  slabs  flared  out  from  the  straight  portion  at  angles 
of  450  to  a  width  of  4  feet  3^2  inches,  as  shown  in  Figure  6.  The 
object  of  widening  the  slabs  in  this  manner  was  to  allow  the 
diagonal  bars  to  remain  straight  for  a  sufficient  length  to  develop 
the  necessary  bond  resistance  without  making  use  of  the  curved 
portion  of  the  bars. 

Each  slab  beam  had  a  4  by  4  inch  rib  along  each  end,  reinforced 
in  the  direction  of  the  support,  to  prevent  the  corners  of  the  slab 
from  rising  from  the  support  when  the  slab  was  being  tested. 

The  bars  of  the  two  bands  of  the  two-way  diagonal  reinforce- 
ment, as  shown  in  Figure  8,  were  necessarily  on  different  levels, 
and  in  order  to  permit  as  direct  a  comparison  as  possible  of  the 
results  for  the  various  types  of  reinforcement,  the  bars  of  the  direct 
reinforcement  and  of  the  one-way  diagonal  reinforcement  were 
also  placed  on  different  levels,  one-half  of  the  bars  on  one  level 
and  the  other  half  on  another  level  corresponding  to  the  levels  of 
the  bands  of  bars  in  the  two-way  diagonal  reinforcement.  Like- 
wise, two  sheets  of  expanded  metal  were  used;  this  was  necessary 
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also  in  order  to  introduce  a  sufficient  amount  of  reinforcement. 
In  two  of  the  beams  the  expanded  metal  was  laid  so  as  to  form  a 
lap  or  splice  at  the  center  of  the  beam,  the  two  sheets  of  metal 
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Expanded  Metal  Reinforcement       Beams  llol-Z  andllHt-Z 
«  ,  ?i  Lower  sheet  /  sgm  per  ft  width 
110  '6  \Upper sheet  06  sg  in  per  ft  width 
1M-Z.  two  sheets  each  0.6  sam  per  ft  width 
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Tm-my  Diagonal 'Reinforcement        Beams  ttcl-Z  ond  lirl-Z 
lld-Z;  six  3'in  plain  round  bars 
llrl-Z.  s/X/i  -in.  plain  round  bars 

rt&bars  n_  r-tf/f 


'»" 


ii 


Expanded  Metal  Reinforcement        Beams  lltl-Z 
Two  sheets,  each  06sgin.  per 
ft.  width,  with  10-jn  lap  at 
center 


^-l£H4-/• section 
A-A 

Beams  tlnl-Z,  IIU-ZMZandMZ 
llrtl-Z;  eight  i -in  plain  round  bars 
HU-Z;  eight  i  -in  pbin  round  bars 
llMf-Z;  six  3- in.  plain  round  bars 
IM-Z:  six  Je- in.  plain  round  bars 


Fig.  6. — Details  of  test  specimens. 

in  each  half  of  the  slab  overlapping  10  inches  as  shown  in  Figures 
6  and  7. 

Two  slabs  of  each  kind  were  tested.     A  brief  description  of 
the  13  varieties  of  beams  tested  is  given  in  Table  1  and  in  Figure  6. 
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2.  MATERIALS  AND   FABRICATION   OF  BEAMS. 

The  concrete  of  which  the  beams  were  made  was  the  1 :  2/i :  1  ]A, 
mix  that  was  used  in  most  of  the  investigations  carried  out  by 
the  concrete  ship  section  of  the  Emergency  Fleet  Corporation. 
River  sand  varying  in  size  from  yi  to  %  inch,  and  gravel  varying 
in  size  from  %  to  ]/2  inch  were  used  as  aggregate.  The  ratio  of 
the  aggregate  to  the  cement  was  about  2  to  1  and  that  of  the 
gravel  to  the  sand  was  also  about  2  to  1 .  The  compressive  strength 
of  the  control  cylinders  at  the  ages  of  7  days  and  42  days  are  given 
in  Table  1,  each  value  being  the  average  of  the  results  from  two 
cylinders. 

The  bars  used  as  reinforcement  were  of  two  sizes,  namely, 
■2*6  inch  and  ^  inch  in  diameter.  The  results  of  the  physical 
tests  of  samples  of  these  bars  are  given  in  Table  2.  The  ^  inch 
bars  had  a  yield  point  of  61,400  lbs. /in.2  and  an  ultimate  strength 
of  88,100  lbs./in.2  and  the  ^  inch  bars  had  a  yield  point  of  54,600 
lbs. /in.2  and  an  ultimate  strength  of  93,500  lbs./in.2 

The  sheets  of  expanded  metal  used  were  of  two  sizes,  1.0  and 
0.6  square  inch  per  foot  of  width.  The  dimensions  of  the 
strands  of  the  larger  size  were  approximately  yi  by  yi  inch,  and 
those  of  the  smaller  size  were  approximately  ]/.  by  Y%  inch.  The 
dimensions  of  the  diamonds  of  the  mesh  were  approximately 
3  by  8  inch  for  each  size.  The  expanded  metal  reinforcement  was 
furnished  by  the  Consolidated  Expanded  Metal  Co.,  of  Braddock, 
Pa.,  for  use  in  these  tests.  Unfortunately  between  the  time  of  the 
completion  of  the  tests  and  the  working  up  of  the  results  for  pub- 
lication the  specimens  of  expanded  metal  reserved  for  investiga- 
tion of  its  properties  were  damaged  so  that  they  could  not  be 
used  for  this  purpose.  In  order  to  obtain  values  of  the  physical 
properties  the  company  furnished  new  samples  of  material  stated 
to  be  of  the  same  grade  as  that  used  in  the  slab-beam  test  speci- 
mens. The  physical  properties  determined  from  tests  of  strands 
from  these  samples  are  given  in  Table  2. 

TABLE  2. — Physical  Properties  of  Reinforcement. 


Material. 

Yield 
point. 

Ultimate 
tensile 
strength. 

Elongation 

in 
8  inches. 

Reduction 
of  area. 

Lbs./  in.2 
61,400 
54,600 
57.500 
62,400 

Lbs.   in.! 
88,100 
93,500 
58,800 
62, 700 

Per  cent. 
20.9 
21.2 

15.0 
12.1 

Per  cent. 
51.2 

36.6 

67.2 

50.9 

1  The  test  specimens  of  expanded  metal  were  not  taken  from  the  slab  beams  but  were  furnished  by  the 
manufacturers  at  a  later  date.    See  section  II.  a. 
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In  the  fabrication  of  the  beams  the  reinforcing  bars  were  bent 
into  the  proper  shape  and  placed  in  the  forms.  The  bars  were 
securely  fastened  in  place,  as  shown  in  Figures  7  and  8,  and  blocks 
were  attached  to  the  forms  so  that  holes  in  the  concrete  would  occur 
at  the  points  on  the  reinforcement  where  gauge  holes  were  to  be 
made. 

The  concrete  was  mixed  for  five  minutes  in  a  "Wonder"  mixer 
having  a  capacity  of  3  cubic  feet,  and  after  mixing  was  discharged 
from  the  mixer  into  a  tight  box. 

The  box  was  carried  to  the  forms  by  a  traveling  crane  and  the 
concrete  was  shoveled  directly  from  the  box  into  the  forms.  The 
specimens  were  left  in  the  forms  for  a  period  of  24  hours  after 
which  the  forms  were  removed  and  the  specimens  stored  under 
burlap  which  was  kept  well  wetted  until  the  time  for  testing.  The 
age  of  the  specimens  at  the  time  of  testing  was  about  42  days. 

Four  6  by  1 2  inch  cylinders  were  taken  from  the  concrete  batch 
made  for  each  beam  and  were  stored  with  the  slab  beams  under 
wet  burlap  until  shortly  before  the  time  of  test.  Two  of  these 
cylinders  were  tested  at  the  age  of  seven  days  and  two  at  the 
time  of  testing  the  slab. 

3.  METHOD  OF  TESTING. 

The  slabs  were  tested  in  a  vertical -screw  beam-testing  machine 
having  a  capacity  of  300,000  pounds.  Since  a  test  specimen  was 
too  wide  to  be  placed  between  the  screws  of  the  machine  it  was 
laid  on  two  I  beams  that  were  placed  across,  and  bolted  to,  one 
of  the  wings  or  extensions  of  the  weighing  table. 

The  arrangement  of  a  beam  in  the  machine  and  the  method  of 
loading  are  shown  in  Figure  9.  The  moving  head  of  the  testing 
machine  applied  its  pressure  to  the  center  of  a  large  H  beam, 
one-half  of  the  pressure  causing  the  load  on  the  test  beam  and  the 
other  half  causing  pressure  on  blocking  on  the  opposite  end  of  the 
weighing  table.  The  load  exerted  on  the  test  slab  by  the  end  of 
the  H  beam  was  distributed  by  means  of  a  system  of  short  beams, 
as  shown  in  Figure  9,  to  two  plates  laid  across  the  top  of  the  slab. 
The  plates  were  set  in  plaster  of  Paris  to  equalize  the  load  on  the 
two  plates  and  to  distribute  the  load  uniformly  along  each  line. 
These  loading  lines  were  12  inches  apart  and  each  line  was  24 
inches  from  the  nearest  support. 

In  the  tests  of  beams  having  one-way  diagonal  reinforcement 
(beams  11K  to  11N)  difficulty  was  experienced  with  the  method 
of  loading.     Since  the  reinforcing  bars  in  these  beams  were  in 
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Fig.  7. — Views  of  expanded  metal  reinforcement  informs. 


Fig.  8. — Views  of  diagonal  and  of  direct  reinforcement  in  forms. 
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a  diagonal  band  in  only  one  direction,  the  line  connecting  the 
centers  of  the  reactions  was  not  coincident  with  the  longitudinal 
center  line  of  the  beam.  In  the  tests  of  the  first  two  of  these 
beams,  11K1  and  11L1,  it  was  found  that  the  I  beams  serving  as 
supports  for  the  test  specimens  were  not  attached  firmly  enough 
to  the  testing  machine  to  prevent  their  tilting  under  the  eccentric 
loading.  This  eccentricity  of  loading  and  lack  of  rigidity  of  the 
supports  resulted  in  torsional  stresses  in  the  test  specimens  while 
under  test.  In  the  tests  of  the  remaining  beams  of  this  type 
this  trouble  was  partly  avoided  by  changing  the  location  of  the 
slab  and  the  supporting  I  beams  so  that  the  centers  of  reactions 
were  closer  to  the  center  line  of  the  weighing  table.  The  positions 
of  the  slab  relative  to  the  weighing  table  are  indicated  in  Figures 
30  to  32.  However,  little  use  is  made  in  this  paper  of  the  data 
obtained  from  the  slabs  having  one-way  diagonal  reinforcement. 

Deformation  in  the  reinforcement  was  measured  in  all  the  beams 
by  means  of  a  Berry  strain  gauge  having  a  gauge  length  of  6  inches. 
The  locations  of  the  gauge  lines  may  be  seen  in  Figures  17  to  19. 
In  the  beams  reinforced  with  bars  the  deformation  was  measured 
in  each  bar,  and  in  the  beams  reinforced  with  expanded  metal, 
deformations  were  measured  in  eight  strands  in  the  lower  sheet 
of  metal.  The  two  sheets  of  expanded  metal  were  nested  in  such 
a  way  that  it  was  practically  impossible  to  measure  the  deforma- 
tions in  the  upper  sheet.  The  gauge  length  of  6  inches  was  greater 
than  the  length  of  a  strand  of  expanded  metal  between  joints, 
and  hence  the  deformation  was  measured  across  a  bridge.  (See 
Fig.  5.)  The  metal,  therefore,  between  the  two  ends  of  the 
gauge  line  was  not  of  uniform  cross  section  and  was  not  quite 
straight.  In  computing  stresses,  however,  from  the  deformations 
measured  in  the  expanded  metal,  it  was  assumed  that  no  portion 
of  the  measured  deformation  was  due  to  a  straightening  out  of 
the  strands,  that  the  unit  stress  in  a  strand  was  constant  within 
the  gauge  length  regardless  of  the  enlargement  of  the  cross  section 
at  the  intersection  with  another  strand,  and  that  there  was  no 
bending  in  the  sheet  metal.  For  the  purpose  of  comparing  the 
action  of  the  various  types  of  reinforcement  it  is  believed  that 
only  slight  errors  are  introduced  in  the  results  by  these  assumptions. 

In  two  of  the  slabs  reinforced  with  expanded  metal,  laps  of  the 
sheets  were  made  at  the  center  of  the  span.  In  these  slabs  strain- 
gauge  measurements  of  slip  were  made  in  order  to  determine 
whether  the  lap  was  sufficient  to  prevent  bond  failure  before  the 
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yield  point  stress  in  the  steel  was  reached.  Measurements  of  slip 
were  made  between  the  two  layers  of  expanded  metal  and  between 
the  lower  sheet  and  the  concrete.  A  measurement  of  the  deform- 
ation of  the  strand,  on  a  gauge  line  alongside  the  gauge  line  at 
which  the  slip  measurement  was  taken,  permitted  the  correcting 
of  the  slip  reading  for  the  deformation  in  the  steel,  so  that  the 
actual  slip  could  be  determined. 

The  deflections  of  points  on  the  bottom  of  the  slab  with  respect 
to  two  other  points  on  the  slab  were  measured  by  means  of  the 
instrument  shown  in  Figure  10.  The  deflections  due  to  curvature 
in  both  the  transverse  and  the  longitudinal  planes  were  found.  The 
instrument  shown  in  Figure  10  consists  of  a  bar  or  frame  having 
a  leg  with  a  conical  point  at  each  end,  and  to  this  frame  at  its 

center  is  attached  a  dial 
micrometer  gauge  head 
having  its  plunger  on  a  line 
with  the  conical  points. 

In  measuring  the  deflec- 
tion on  any  gauge  line  one 
of  the  conical  points  is 
placed  in  a  punch  mark  in 
one  of  the  plugs  of  the 
gauge  line  and  the  other 
point  rests  in  a  groove  in 
the  other  plug,  the  groove 
being  in  the  direction  of  the  gauge  line.  The  plunger  at  the 
center  rests  against  a  plug  in  the  same  gauge  line  and  on  about 
the  same  level  as  the  other  two  plugs.  In  taking  a  reading  the 
instrument  was  tipped  back  and  forth  to  get  the  maximum  reading. 
Two  instruments  of  this  type  were  used;  one  was  used  on  a 
gauge  line  12  inches  long  and  the  other  on  a  gauge  line  24  inches 
long.  The  shorter  instrument  was  used  to  measure  the  deflection 
due  to  longitudinal  curvature  and  the  longer  one  to  measure  the 
deflection  due  to  transverse  curvature.  Deflections  were  measured 
on  three  lines  in  the  longitudinal  and  three  in  the  transverse 
directions.  The  positions  of  the  gauge  lines  are  indicated  in 
Figures  20  to  32. 

It  should  be  remembered  that  the  deflections  measured  with 
this  instrument  are  not  the  total  deflections  of  the  slab,  but  it  can 
be  shown  analytically  that  the  total  deflections  of  the  different 
slabs  should  bear  the  same  ratio  to  each  other  as  the  corresponding 
ratios  determined  from  the  deflections  which  were  measured. 


Fig.  10. — Instrument  for  measuring  deflections. 
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All  of  the  deformation  and  deflection  measurements  were  made 
on  the  bottom  side  of  the  slab.  In  preparing  a  slab  for  testing, 
holes  were  drilled  in  the  steel  for  the  strain-gauge  readings  and 
plugs  were  set  in  the  concrete  for  the  deflection  measurements. 
The  specimens  were  then  placed  in  the  testing  machine  on  the  I 
beams  which  served  as  supports.  Plaster  of  Paris  was  placed 
between  the  slab  and  its  supports  to  assist  in  obtaining  uniform 
bearing  pressure.  Zero-load  readings  were  taken  with  both  the 
strain  gauge  and  the  deflectometer,  after  which  the  first  load 
increment  was  applied.  Deformations  and  deflections  caused  by 
this  load  were  then  measured,  and  the  extent  of  cracking  was 
observed  and  marked  on  the  specimen.  A  similar  procedure  was 
followed  for  each  additional  load  applied.  After  failure,  the  speci- 
men was  removed  from  the  testing  machine,  the  cracks  were 
painted,  a  photograph  of  the  bottom  side  of  the  slab  was  taken 
showing  the  distribution  of  cracks,  and  the  measurements  of  the 
depths  of  the  reinforcement  and  of  other  dimensions  were  made. 
Views  of  the  tested  beams  are  shown  in  Figures  17  to  19. 

III.  EXPERIMENTAL  DATA  AND  DISCUSSION  OF  RESULTS. 
1.  STRESSES  IN  THE  VARIOUS  TYPES  OF  REINFORCEMENT. 

The  stresses  in  the  reinforcement  of  each  slab  as  determined 
from  the  strain-gauge  readings  are  shown  by  the  load-stress  curves 
of  Figures  20  to  32.  In  determining  the  stresses  from  the  observed 
deformations,  the  modulus  of  elasticity  was  assumed  at  30,000,000 
lbs./in.2  The  deflections  for  at  least  one  of  each  pair  of  slabs, 
as  determined  in  the  manner  described  in  the  preceding  section, 
are  also  shown  in  the  same  figures.  Views  of  the  bottom  sides 
of  all  but  two  of  the  slabs  after  failure  are  shown  in  Figures  1 7 
to  19. 

In  the  study  of  the  test  data,  the  expanded  metal  has  been 
assumed  to  be  typical  of  any  reinforcing  metal  in  which  the 
strands  make  an  angle  with  the  direction  of  the  span  and  in 
which  the  application  of  stress  does  not  produce  a  tendency  of 
the  strand  toward  straightening  out.  The  angle  between  the 
direction  of  the  strands  of  the  expanded  metal  and  the  direction 
of  the  span  was  only  about  one-half  the  corresponding  angle  in 
the  beams  reinforced  with  bars  placed  at  45  °  with  the  span. 
For  purposes  of  analysis  the  angle  was  taken  at  22>£°.  From 
the  analytical  considerations  pointed  out  and  from  the  diagrams 
shown  in  Figures  3  and  4  it  will  be  apparent  that  it  is  not  proper 
to  make  a  direct  comparison  between  the  beams  reinforced  with 
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expanded  metal  and  those  reinforced  with  45  °  diagonal  bars, 
except  for  the  purpose  of  studying  the  effect  of  direction  of  bars 
on  the  stresses  developed.  It  is  for  this  purpose  that  such  com- 
parisons have  been  made  in  the  following  pages.  Less  difference 
should  be  expected  in  the  stresses  between  the  expanded  metal 
and  those  in  the  direct  bars  than  between  the  stresses  in  the 
expanded  metal  and  those  in  the  45  °  bars. 

In  order  to  compare  the  stresses  in  the  various  types  of  rein- 
forcement the  load-stress  curves  shown  in  Figures  it,  12,  and  13 
have  been  drawn,  for  which  the  stresses  have  been  reduced  to 
those  which  it  is  assumed  would  have  occurred  if  all  the  slabs  had 
had  a  value  of  d  (depth  from  top  of  slab  to  center  of  gravity  of 
reinforcement)  and  a  value  of  p  (volume  of  steel  per  unit  volume 
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Fig.  11. — Load-stress  curves  for  individual  beams  having  the  larger  percentages  of  rein- 
forcement {Group  I);  average  stress  for  all  gauge  lines. 

of  concrete),  the  same  as  that  of  the  d  and  the  p  of  the  beams 
having  direct  reinforcement. 

For  the  purpose  of  comparison  the  slabs  may  be  divided  into 
two  groups  according  to  the  amount  of  reinforcement  used;  one 
group  having  a  ratio  of  reinforcement  by  volume  of  approximately 
0.05  and  the  other  group  a  ratio  of  about  0.015.  Thus,  in  Figure 
1 1  are  shown  the  average  load-stress  curves  for  individual  beams 
having  the  larger  ratio  of  reinforcement  and  having  three  different 
types  of  reinforcement,  namely,  direct,  expanded  metal,  and  two- 
way  diagonal.  The  stresses  shown  in  the  reinforcement  of  beams 
C,  E,  G,  and  H  are  those  which,  according  to  equation  (15),  should 
have  occurred  if  those  beams  had  had  the  same  ratio  of  reinforce- 
ment, p,  and  depth,  d,  as  the  average  of  beams  11A1-2;  that  is, 
0.051   and  2.51,  respectively.     Correspondingly,   the  stresses  for 
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beams  D  and  F  in  Figure  12  are  those  which,  according  to  equa- 
tion (15),  should  have  occurred  if  those  beams  had  had  the  same 
ratio  of  reinforcement  and  depth,  respectively,  as  the  average  for 
beams  1 1B1-2.    For  both  figures  the  plotted  stresses  were  obtained 

by  multiplying  the  observed  stresses  by  the  ratio  ~  as  given  by 

equation  (15). 

In  Figure  13  are  shown  the  averages  of  each  pair  of  load-stress 
curves  of  Figures  1 1  and  1 2  drawn  to  the  same  set  of  axes,  from 
which  direct  comparison  of  the  stresses  in  the  three  types  of 
reinforcement  can  be  made.  The  maximum  variation  of  a  single 
value  from  the  average  was  15  per  cent,  in  Group  D.  It  was  nearly 
the  same  in  Groups  A  and  C,  but  smaller  in  all  others.     This 
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Fig.  12. — Load-stress  curves  for  individual  beams  having  the  smaller  percentages  of  rein- 
forcement (Group  II);  average  stresses  for  all  gauge  lines. 

variation  should  be  taken  into  account  in  giving  weight  to  the 
comparison  of  the  average  values. 

TABLE  3. — Ratio  of  Stresses  in  Beams  Having  Various  Types  of  Reinforcement  to 
Stresses  in  Beams  Having  Direct  Reinforcement. 

GROUP  I.— CORRECTED  TO  d=  2.51,  p=  0.051. 


Type  of  reinforcement. 

Beam  number 

Theoretical 
ratio. 

Ratio  from  tests  when  stress  in  direct 
reinforcement  was — 

20,000 
Lbs./in.2 

25,000 
Lbs./in.2 

30,000 
Lbs./in.1 

Direct,  6—  0" 

11A1-2.. 

1.00 
}            1.15 

\           1.81 

1.00 

/              .97 
\              .88 

/             1.57 
\            1.90 

1.00 

1.00 

Expanded  metal,  8=  22%" 

/11G1-2 

1.01 

\llHl-2 

fllCl-2 

1.56 

\llEl-2 

GROUP  II.— CORRECTED  TO  rf=2.95,  />=  0.0146. 


Direct,  9=0° 

Two-way  diagonal,  0=45° 


11B1-2. 

J11D1-2. 
\llFl-2. 
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As  found  from  Figure  13a  and  as  given  in  Table  3,  a  load  that 
caused  a  stress  of  20,000  lbs./in.2  in  the  direct  reinforcement 
caused  a  stress  3  to  12  per  cent  less  in  the  expanded  metal  and  from 
57  to  90  per  cent  greater  in  the  two-way  diagonal  reinforcement. 
Similarly,  a  load  that  caused  a  stress  of  30,000  lbs./in.2  in  the  bars 
of  the  direct  reinforcement  caused  a  stress  about  1  per  cent  greater 
in  the  expanded  metal  and  a  stress  from  56  to  88  per  cent  greater 
in  the  bars  of  the  two-way  diagonal  reinforcement.  The  value 
88  per  cent  is  obtained  by  producing  the  straight  portion  of  the 
curve  for  11B1-2  in  Figure  13a  to  the  load  which  caused  a  stress 
of  30,000  lbs./in.2  in  beams  1 1A1-2. 

The  curves  of  Figure  136  indicate  that  a  load  that  caused  a 
stress  of  20,000  lbs./in.2  in  the  bars  of  the  direct  reinforcement 
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Fig.  13. — Average  load-stress  curves  for  similar  beams, 
(a)  Beams  of  Group  I;  (6)  Beams  of  Group  II. 

caused  from  1.5  to  2.25  times  as  large  a  stress  in  the  bars  of  the 
diagonal  reinforcement. 

The  averages  of  the  values  in  Table  3  indicate  that,  within 
the  yield  point  of  the  reinforcement,  the  stress  developed  in  the 
expanded  metal  reinforcement  in  the  slab  beams  under  a  given 
load  was  practically  the  same  as  that  developed  in  the  reinforce- 
ment of  a  similar  beam  reinforced  with  bars  laid  direct  between 
supports.  And  the  stress  developed  in  the  reinforcement  consist- 
ing of  bars  laid  diagonally  in  two  bands  making  45  °  with  the 
direction  of  the  span  was  about  1.80  times  as  great  as  in  a  similar 
beam  reinforced  with  bars  laid  direct  between  supports.  By  the 
secant  method  of  computation  developed  in  Section  I,  3  the  cal- 
culated stress  in  the  strand  of  the  expanded  metal  is  approxi- 
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mately  1 . 1 7  times  the  stress  in  the  bars  of  the  direct  reinforcement 
and  the  calculated  stress  in  the  bars  of  the  two-way  diagonal 
reinforcement  is  about  1.87  times  as  great  as  the  stress  in  the  direct 
reinforcement.  The  average  stress  in  the  expanded  metal  was 
about  15  per  cent  less  than  that  called  for  by  the  analysis,  and  the 
stress  in  the  two-way  diagonal  bars  was  about  4  per  cent  less  than 
that  called  for  by  the  analysis. 

Most  of  the  difference  between  the  tensile  stresses  in  the 
expanded  metal  and  those  in  the  45  °  diagonal  reinforcement  may 
be  accounted  for  by  the  difference  in  the  angle  6,  and  at  most  only 
the  difference  between  the  15  per  cent  and  the  4  per  cent  varia- 
tions from  the  theoretical  ratios  could  be  construed  in  favor  of 
expanded  metal.  Even  this  advantage  is  somewhat  offset  by 
the  fact  that,  as  shown  in  Section  III,  2,  the  load-carrying  capacity 
of  the  beams  reinforced  with  expanded  metal  was  somewhat  less 
than  that  which  was  computed.  The  smallness  of  the  observed 
stresses  in  expanded  metal  may  be  due  to  a  greater  amount  of 
assistance  from  the  concrete  in  resisting  tension  during  the  earlier 
part  of  the   test. 

It  will  be  noted  that  there  is  considerable  variation  in  the  ratios 
of  stresses  given  in  Table  3,  and  that  although  the  average  of  the 
values  is  less  than  that  called  for  by  the  secant  method  of  com- 
putation, the  ratio  for  beams  11F1-2  is  larger  than  that  given 
by  the  secant  method.  It  should  also  be  remembered  that 
in  reducing  the  stresses  to  the  basis  of  a  common  p  and  a  common 
d  the  assumption  was  made  that  the  stresses  in  the  beam  varied 
directly  as  the  distances  from  the  neutral  axis.  For  beams  hav- 
ing the  small  depth  and  the  large  ratios  of  reinforcement  pos- 
sessed by  the  beams  under  discussion,  there  is  reasonable  doubt 
as  to  the  correctness  of  this  assumption.  The  limitations  are 
brought  out  more  fully  in  Section  I,  3,  and  Section  III,  6. 

The  quantitative  results  in  Figures  11  to  14  and  in  Table  3 
should,  therefore,  be  considered  as  approximate,  for,  although 
the  tests  were  carried  out  carefully  and  the  test  data  are  believed 
to  be  reliable,  the  reduction  of  the  stresses  to  the  basis  of  a  common 
percentage  of  reinforcement  and  of  a  common  depth  to  the  rein- 
forcement can  not  be  accomplished  without  making  assumptions 
which  may  introduce  error  in  the  results. 
17153°— 23 4 


320  Technologic  Papers  of  the  Bureau  of  Standards.        WoLrr 

2.  COMPARISON  OF  MAXIMUM   LOADS. 

In  order  to  permit  of  a  comparison  of  maximum  loads  for  the 
beams  having  different  types  of  reinforcement,  it  was  necessary 
to  correct  the  loads  to  those  which  presumably  would  have  been 
carried  if  all  the  beams  in  each  of  the  two  groups  of  Table  4  had 
had  the  same  depth,  and  had  had  reinforcement  which  was  the 
same  in  quantity  and  in  yield  point.  The  grouping  used  was  the 
same  as  that  used  in  Section  III,  1,  except  that  beams  11H1-2 
were  used  in  both  groups  since  their  properties  placed  them  mid- 
way between  the  two  groups.  The  standard  depths  used  were 
2.51  and  2.95  inches,  and  the  standard  ratios  of  reinforcement 
were  0.051  and  0.0146,  respectively.  A  standard  yield  point  of 
58,000  lbs./in.2  was  used.  Therefore,  the  corrected  loads  given 
in  Table  4  are  those  which,  according  to  the  assumptions  used, 
would  have  been  carried  if  the  depths  of  the  beams  and  the  ratios 
and  yield  point  of  the  reinforcement  had  been  those  stated  above. 
The  basis  of  the  computation  of  these  loads  is  the  assumption  that 
the  maximum  load  is  reached  when  the  steel  becomes  stressed  to 
its  yield  point.  Before  failure  could  occur  the  reinforcement  in 
the  two  layers  would  be  stressed  to  almost  the  same  intensity 
(the  yield  point)  even  though  in  the  early  part  of  the  test  the 
stresses  in  the  layers  should  vary  as  their  distances  from  the  neu- 
tral axis.  This  equality  of  stresses  in  the  two  layers  justifies  the 
assumption  used  in  determining  the  corrected  maximum  load; 
that  is,  that  the  centroid  of  the  tensile  stress  lies  at  the  centroid 
of  the  sectional  area  of  the  reinforcement.  The  corrected  loads 
of  Table  4  were  found  by  solving  equation  (20) ,  Section  I,  3,  for  the 
load  Wx.  The  /si  of  that  equation  represents  the  assumed  yield 
point  of  58,000  lbs./in.2  The  other  terms  having  the  subscript  t 
represent  properties  of  the  standard  beams,  such  as  ^  =  2.51 
and  £  =  0.051.  The  terms  having  the  subscripts  2  represent  cor- 
responding properties  of  the  beams  as  they  were  tested. 

The  "computed  loads"  of  Table  4  were  obtained  by  using  in 
equation  (19),  Section  I,  3,  the  assumed  properties  of  the  standard 
beams  and  solving  for  W. 

It  will  be  seen  that  the  corrected  loads  for  the  beams  with 
direct  reinforcement  agree  quite  closely  with  the  computed  loads. 
The  agreement  is  better  for  beams  11B1-2  than  for  11A1-2. 
This  may  be  because  of  the  smaller  amount  of  reinforcement  in 
the  latter  than  in  the  former  beams.  Although  the  phenomena  of 
the  tests  appeared  to  indicate  a  tension  failure,  the  amount  of 
reinforcement  in  beams  11A1-2  was  so  great  that  the  high  com- 
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pressive  stresses  in  the  concrete  (see  Table  1)  may  have  affected 
the  amount  of  the  maximum  load.  The  fair  agreement  between 
the  corrected  loads  and  the  computed  loads  for  those  beams 
gives  confidence  in  the  method  of  correcting  the  loads  and  in  the 
assumption  that  the  maximum  load  is  approximately  that  at 
which  the  yield  point  stress  in  the  reinforcement  is  reached. 
Numerous  other  tests  are  on  record  which  show  that  in  deeper 
beams  the  maximum  load  is  only  slightly  greater  than  that  at 
which  the  yield  point  stress  in  the  reinforcement  is  reached. 

TABLE  4. — Ratios  of  Corrected  Maximum  Loads  for  Beams  Having  Various  Types 
of  Reinforcement  to  Corrected  Maximum  Loads  for  Beams  Having  Direct  Rein- 
forcement. 

GROUP  I.— CORRECTED  TO  d=2.51,  £=0.051,  YIELD  POINT=58,000  LBS./IN.' 


Beam 
number. 

Reinforcement. 

Yield 
point 
from 
tension 
tests. 

Maximum  load. 

Ratio 
of  cor- 
rected 
to  com- 
puted 

load. 

Ratio  of  average 

corrected  load 

to  average  load 

for  9=0. 

Type. 

Ratio, 

Direc- 
tion, 9. 

Actual. 

Cor- 
rected. 

Com- 
puted. 

Experi- 
mental. 

Theo- 
retical. 

11A1 

0.0528 
.0493 

De- 
grees. 
0 

0 

Lbs./ 
in.5 

54,600 
54,600 

Lbs. 

25,240 
32,600 

Lbs. 

27,700 
34,700 

Lbs. 

32,900 
32,900 

0.842 
1.054 

1.00 
.708 
.790 
.679 
.609 

11A2 

do 

31,200 

21,650 
22,500 

28, 600 
28,600 

.948 

.758 
.788 

1.00 

11G1 
11G2 

Expanded  metal. 
do 

.0443 

.0494 

2zy2 

57,500 
57,500 

25,300 
23,350 

22, 075 

25,950 
23,300 

28,600 
28,600 

.773 

.908 
.815 

.870 

11H1 

11H2 

Expanded  metal. 
do 

.0331 
.0348 

uy2 
zzy2 

62,400 
62,400 

22,  750 
19, 250 

Average . 

11C1 

11C2 

24, 625 

18,410 
23,950 

18,150 
18, 150 

.862 

1.015 
1.320 

.870 

2 -way  diagonal.. 
do 

.0690 
.0659 

45 

45 

54,600 
54, 600 

24, 930 
26,600 

Average. 

11E1 

11E2 

21,180 

19,390 
18, 590 

18, 150 
18,150 

1.168 

1.069 
1.023 

.552 

2-way  diagonal. . 
do 

.0529 
.0507 

45 
45 

54,600 
54,600 

19,600 
19,370 

18,990 

1.046 

.552 

GROUP  II.— CORRECTED  TO  d=2.95,  p=  0.0146,  YIELD  POINT  =  58,000  LBS./IN.1 


11B1 

0.0150 
.0142 

0 
0 

61,400 
61,400 

13, 780 
15,750 

13, 180 
14,700 

14, 250 
14, 250 

0.925 
1.031 

1.00 
.732 
.581 
.592 

11B2 

do 

13,940 

10, 750 
9,650 

11,820 
11.820 

.978 

.910 
.816 

1.00 

11H1 

11H2 

Expanded  metal. 
do 

.0331 
.0348 

22y2 
2214 

62,400 
62,400 

22,750 
19,  250 

Average. 

11D1 

11D2 

10,200 

7,320 
8,880 

7,670 
7,670 

.863 

.955 

1.168 

.830 

2-way  diagonal  . 
do 

.0192 
.0194 

45 
45 

61,400 
61,400 

11,800 
13,850 

8,100 

9,100 
7,400 

7,670 
7,670 

1.051 

1.187 
.965 

.538 

11F1 

11F2 

2-way  diagonal.. 
do 

.0141 
.0145 

45 
45 

61,400 
61,400 

11,250 
8,880 

8,250  | 

1.076 

.538 
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For  the  beams  with  45  °  diagonal  reinforcement  the  corrected 
loads  were  greater  than  the  computed  loads  in  six  cases,  and  in 
two  cases  they  were  smaller.  For  Group  I  the  average  load 
carried  (corrected  load)  by  the  beams  with  45  °  diagonal  re- 
inforcement was  about  10  per  cent  greater  than  the  computed 
load.  For  Group  II  it  was  about  7  per  cent  greater.  This  in- 
dicates a  fair  agreement  between  the  tests  and  the  analysis  based 
upon  the  secant  method.  The  average  load  for  the  four  beams 
reinforced  with  expanded  metal  was  82  per  cent  of  the  computed 
loads  for  beams  whose  reinforcement  makes  an  angle  of  22%.° 
with  the  direction  of  the  span.  The  difference  between  the  ob- 
served and  the  computed  loads  for  the  beams  with  expanded 
metal  reinforcement  may  be  due  partly  to  error  in  the  assump- 
tions as  to  the  yield  point  and  in  the  values  assigned  to  d,  the 
depth,  but  it  is  the  best  estimate  that  is  available  with  the  data 
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Fig. 


(a)  (t» 

14. — Load-deflection  curves  for  individual  beams;  average  deflection  for  all  gauge  lines. 
(a)  Beams  of  Group  I;  (6)  Beams  ol  Group  II. 


at  hand.  Unfortunately  the  yield  points  for  the  expanded  metal 
were  determined,  not  from  the  reinforcement  actually  used  in 
the  specimens,  but  from  similar  material  furnished  from  stock  at 
a  later  date. 

It  does  not  seem  reasonable  that  the  entire  difference  between 
the  corrected  observed  loads  and  the  computed  loads  can  have 
been  due  to  the  use  of  an  erroneous  value  for  the  yield  point,  for 
to  explain  the  discrepancy  on  this  basis  would  require  that  the 
yield  points  should  have  been  44,300  and  53,600  lbs. /in.2  instead 
of  the  values  used,  57,500  and  62,400  lbs./in.2,  respectively.  From 
other  data  of  yield  points  of  expanded  metal  the  latter  values 
seem  more  likely  to  be  correct  than  the  former. 

Another  possible  source  of  error  lies  in  the  determination  of  the 
depth,  d.  It  is  difficult  to  say  to  just  what  part  of  a  sheet  of 
expanded  metal  the  measurements  should  be  taken  in  arriving  at 
the  depth.     This  is  especially  true  when  more  than  one  layer  of 
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reinforcement  is  used,  as  was  the  case  with  the  beams  tested. 
Unfortunately  the  exact  method  of  obtaining  these  measurements 
is  not  stated  in  the  test  data  with  sufficient  detail  to  warrant  the 
assurance  that  there  may  not  be  error  in  the  values  of  d  used. 
If  the  actual  depth,  d,  were,  on  the  average,  about  10  per  cent  less 
than  the  depths  used  throughout  this  paper,  the  difference  between 
the  corrected  observed  loads  and  the  computed  loads  would  be 
accounted  for. 

The  purpose  in  pointing  out  possible  sources  of  error  has  been 
to  avoid  the  taking  of  the  results  of  these  tests  with  too  high  a 
degree  of  finality.  It  is  not  intended  to  indicate  that  errors  of  the 
extent  suggested  are  likely  to  have  been  present. 

The  averages  of  the  ratios  of  the  corrected  loads  to  the  com- 
puted loads  given  in  column  9,  Table  4,  show  for  the  three  different 
angles  6  the  following  values: 


Ratios  for  various  values  of 
the  angle  6 — 

0° 

22K° 

45° 

0.963 

0.818 

In  obtaining  these  average  values  the  two  values  for  11H1-2  are 
averaged,  and  this  result  is  averaged  with  the  ratio  for  11G1-2. 

In  the  last  two  columns  of  Table  4  are  given  the  proportionate 
loads  for  beams,  all  of  which  have  the  same  volume  percentage 
of  reinforcement  but  which  have  angles  8,  between  the  direction 
of  the  reinforcement  and  the  direction  of  the  span,  of  o°,  22><°, 
and  450.  In  other  respects  the  beams  are  taken  as  identical. 
The  values  determined  from  the  tests  are  the  ratios  of  the  cor- 
rected loads  for  beams  with  0  equal  to  22 X°  and  45 °  to  the  average 
corrected  load  for  beams  with  direct  reinforcement.  Under  the 
caption  "Theoretical"  are  given  the  corresponding  ratios  deter- 
mined from  the  computed  maximum  loads.  Averaging  the 
values  obtained  from  the  tests  and  repeating  the  theoretical 
value  for  comparison  the  following  summary  is  obtained : 


Ratio  of  maximum  loads  for 
diagonal  reinforcement  to 
loads  for  direct  reinforce- 
ment, for  various  values  of  0. 


Zl%° 


45° 


Computed 

Experimental . 


1.0 
1.0 


0.85 
.735 


0.545 
.615 
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Assuming  as  the  basis  for  comparison  the  average  corrected 
loads  for  the  beams  having  direct  reinforcement  it  is  found  (a) 

that  the  loads  for  the  22}<°  reinforcement  were o. 865, (    "^  las 

great  as  are  given  by  the  analysis,  and  (b)  that  the  loads  for  the 

450  reinforcement  were  1 .128, 1  — — ^  V  as  great  as  are  given  by  the 

analysis. 

3.  DEFLECTIONS. 

The  deflections  measured  on  three  gauge  lines  in  each  of  two 
directions  are  shown  in  Figures  20  to  32  for  slabs  having  various 
types  of  reinforcement.  The  gauge  lines  in  the  direction  parallel 
to  the  span  were  1 2  inches  long  and  those  transverse  to  the  direction 
of  the  span  were  24  inches  long.  As  noted  under  Section  II,  3,  the 
deflections  given  in  Figures  20  to  32  are  not  the  total  deflections 
of  the  slab,  but  are  the  deflections  due  to  the  longitudinal  curvature 
within  only  a  portion  (12  inches)  of  the  span  and  to  transverse 
curvature  of  nearly  the  entire  width  of  the  beam.  The  deflection 
due  to  the  longitudinal  curvature,  however,  may  be  used  in  com- 
paring the  total  deflections  of  the  different  beams,  since  it  is  found 
analytically  that  they  should  bear  the  same  ratio  to  the  total 
deflection  for  all  the  beams.3 

It  will  be  noted  from  Figures  20  to  32  that  only  the  beams 
having  one-way  diagonal  reinforcement  show  any  appreciable 
deflection  due  to  curvature  in  the  transverse  plane.  All  the  other 
slabs  within  the  yield  point  of  the  reinforcement  acquired  a  curva- 
ture only  in  longitudinal  planes,  and  the  stress  was  distributed 
nearly  uniformly  to  all  the  bars.  After  one  or  more  of  the  bars 
developed  a  stress  beyond  the  yield  point,  the  load-deflection 
curves  indicate  that  some  of  the  beams  acquired  curvature  in  the 
transverse  direction  resulting  from  the  inequality  of  the  stresses 
in  the  different  bars. 

The  load  deflection  curves  for  the  slabs  having  one-way  diagonal 
reinforcement  show  clearly  that  the  slabs  had  considerable  curva- 


a  In  equation  21  q=-fa  and  f=6o,  from  which  ^=~7~  («i+«c).     For  a  gauge  length  5  falling  between  the 

s1  .  ,        .  4,     18  ...... 

two  load-points,  Ae=j-\(ci+et)  =  i&d  («j+£c).  since  J=i2  for  these  tests.    .•  .^-=—=0.06.  The  derivation 

of  this  relation  is  dependent  upon  the  assumption  that  the  beams  have  constant  moments  of  inertia  through- 
out the  gauge  length  over  which  the  deflection  is  measured.  For  the  beams  reinforced  diagonally  the 
flaring  of  the  beams  toward  the  supports  introduced  a  variable  moment  of  inertia.  To  a  certain  extent  this 
variation  prejudices  the  comparison,  but  since  the  width  of  these  beams  was  the  same  at  the  center  of  the 
span  as  that  of  the  other  beams,  and  since  the  moment  of  inertia  within  the  gauge  length  would  be  affected 
only  slightly  by  the  variation  in  width  of  the  beam,  it  seems  that  this  variation  should  not  invalidate  the 
comparison. 
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ture  in  the  transverse  direction.  The  two  slabs  (11K1  and  11L1,) 
that  were  tested  with  their  longitudinal  axes  parallel  to  the  center 
line  of  the  weighing  table  had  large  downward  deflections  at  the 
centers  of  the  three  transverse  gauge  lines  (Figs.  29  and  30), 
whereas  the  other  six  slabs  having  one-way  diagonal  reinforce- 
ment, which  were  tested  with  the  axes  of  the  beams  at  an  angle 
with  the  center  line  of  the  weighing  table,  show  a  negative  (upward) 
deflection  in  one  transverse  gauge  line  and  downward  deflections 
in  the  other  two  transverse  gauge  lines.  It  is  clear  from  these 
facts  that  the  action  within  these  beams  was  quite  different  from 
that  usually  assumed  to  occur  in  a  simple  beam  and  suggests  the 
marked  effect  of  placing  reinforcement  unsymmetrically  with  the 
structural  element  which  it  reinforces.  Attention  was  called  in 
Section  II,  3,  to  the  tilting  of  the  supports  when  the  beams  having 


Deflections  reduced 
to  a  basis  of  p= .051 
and  d=  2.51  in 


Type,  of  Reinforcement 
IIaI-Z   Direct 
'fjf'*]  Expanded 'metal 

UeI-Z  I  Two-way  diagonal 


Deflections  reduced  to  a  casts  of 
_      P'  0146 and  d* 295 in 


Type  of  Reinforcement 
.  1131-2  Direct 
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Def/ecf/on  /n  Inches 
(a)  (b) 

Fig.  .15 — Average  load-deflection  curves  for  similar  beams. 

(a)  Beams  of  Group  I;  (6)  Beams  of  Group  II . 

one-way  diagonal  reinforcement  were  tested.  In  the  following 
analysis  of  the  deflections  the  beams  having  one-way  diagonal 
reinforcement  are  not  considered. 

The  average  load-deflection  curves  for  individual  beams  for 
three  types  of  reinforcement  are  given  in  Figures  14a  and  146. 
The  deflections  plotted  in  Figure  14a  are  those  which  according 
to  equation  (24)  should  have  occurred  with  the  beams  of  Group  I 
(C,  E,  G,  and  H)  if  they  had  had  the  same  ratio  of  reinforcement 
(£=0.051)  and  the  same  depth  (^  =  2.51)  as  the  corresponding 
average  values  for  beams  11A1-2.  The  deflections  plotted  in 
Figure  146  are  those  which  according  to  equation  (24)  should  have 
occurred  in  the  beams  of  Group  II  (D,  F,  and  H)  if  in  each  case 
the  ratio  of  reinforcement  and  the  depth  had  been  the  same  as 
the  corresponding  values  for  beams  11B1-2;  that  is,  0.0146 
and  2.95,  respectively. 
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In  Figure  15  are  given  the  average  load-deflection  curves  for 
each  pair  of  beams  from  which  a  comparison  of  the  deflections  of 
beams  having  different  types  of  reinforcement  can  be  made  for 
a  given  load.  Thus  from  Table  5  it  will  be  noted  that  for  the 
beams  of  Group  I  (having  the  larger  percentage  of  reinforcement) 
a  load  that  caused  a  deflection  of  0.0 1  inch  for  the  beams  having 
direct  reinforcement  caused  a  deflection  about  0.90  to  1.10  times 
as  large  for  a  similar  beam  reinforced  with  expanded  metal  and 
about  2  to  3.5  times  as  large  for  a  beam  having  two-way  diagonal 
reinforcement.  Similar  values  are  given  for  the  beams  of 
Group  II. 

The  ratios  of  the  deflections  obtained  analytically,  assuming 
that  the  stresses  were  proportional  to  the  secants  of  the  angles 
which  the  bars  made  with  the  direction  of  the  span  are  given  in 
Table  5,  under  the  caption  "Theoretical  ratio." 

TABLE  5. — Ratios  of  Deflections  of  Beams  Having  Various  Types  of  Reinforcement 
to  Deflections  of  Beams  Having  Direct  Reinforcement. 

GROUP  I.— CORRECTED  TO  <f=2.51,  p=  0.051. 


Type  of  reinforcement. 


Beam  number. 


Theoreti- 
cal 
ratio. 


Ratio  from  tests  when 
deflection  of  direct- 
reinforced  beams 
was — 


0.01  inch.      0.02  inch. 


Direct,  0=0° 

Expanded  metal,  e=22zA° 

Two-way  diagonal,  9=45° 


11A1-2. 


J11G1-2. 
\llHl-2. 

/11C1-2. 
\llEl-2. 


1.0 
1.14 

2.10 


.90 
1.10 


2.0 
3.5 


.98 
1.10 


1.90 
3.00 


GROUP  II.— CORRECTED  TO  rf=2.95,  p=  0.0146. 


Direct,  0=0 

Expanded  metal,  6=ZZy2°. 

Two-way  diagonal,  6=45°. 


1  IB  1-2. 
11H1-2. 


/11D1-2. 
U1F1-2.. 


1.0 

1.00 

1.22 

1.25 

} 

2.70 

{ 

3.00 
4.70 

1.00 
1.13 


It  appears  from  Figure  15  and  from  the  average  of  the  values 
of  Table  5  that  for  a  given  load,  within  the  yield  point  of  the 
reinforcement,  the  deflection  of  the  slab  beams,  reinforced  with 
expanded  metal  was  approximately  the  same  as  that  of  a  similar 
beam  reinforced  with  bars  laid  direct  between  the  supports, 
and  that  the  deflection  of  beams  reinforced  with  two  bands  of 
bars  at  45  °  with  the  span  was  from  2  to  4.7  times  as  great  as 
that  of  a  similar  beam  reinforced  with  bars  laid  direct  between 
supports. 
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For  some  unexplained  reason  the  beams  E  and  F  showed 
much  greater  deflections  than  the  other  beams  having  two-way 
diagonal  reinforcement.  Except  for  these  beams  it  will  be  seen 
from  the  ratios  given  in  Table  5  that  the  relations  between  the 
deflections  for  the  beams  having  reinforcement  of  different  types 
were  in  general  agreement  with  the  relations  indicated  by  the 
analysis  based  upon  the  secant  method  of  computing  stresses. 
There  seemed  to  be  some  advantage  for  the  expanded  metal 
in  this  comparison,  as  the  average  ratio  obtained  from  the  tests 
is  slightly  smaller  than  the  theoretical  ratios,  while  for  the  45  ° 
reinforcement  the  average  ratio  is  considerably  greater  than 
the  theoretical  ratios.  The  advantage  for  the  expanded  metal 
may  have  been  due  to  the  better  distribution  of  bond  stress  and 
cracks  referred  to  in  Section  III,  4  and  5.  There  is  no  apparent 
reason  why  the  ratios  found  for  the  45  °  reinforcement  should 
be  greater  than  the  theoretical  values. 

4.  BOND  RESISTANCE  OF  EXPANDED  METAL. 

It  is  important  to  know  the  minimum  amount  of  lapping  of 
expanded  metal  necessary  to  prevent  failure  of  a  beam  by  slip- 
ping of  the  reinforcement.  In  order  to  obtain  information  on  this 
question  two  of  the  beams  (11I1-2)  were  reinforced  with  two 
layers  of  expanded  metal  with  a  lap  or  splice  at  the  center  of  the 
beam  of  10  inches  or  a  length  of  about  \l/i  diamonds  (see  Fig. 
76) ;  this  length  is  called,  commercially,  a  one-diamond  lap,  since 
it  is  npt  desirable  to  cut  the  metal  exactly  at  the  intersection  of 
the  strands. 

In  order  to  determine  the  amount  of  slipping  of  the  sheets  of 
metal  at  the  lap,  strain-gauge  readings  were  taken  within  the 
lapped  length  of  the  metal,  one  gauge  line  having  both  gauge 
holes  on  the  same  sheet  of  metal  and  another  gauge  line  having 
one  gauge  hole  on  each  of  the  two  sheets  of  metal.  A  reading 
on  the  first  gauge  line  indicates  the  deformation  due  to  the  stress 
in  the  metal,  while  the  reading  on  the  second  gauge  line  indi- 
cates the  deformation  due  to  the  stress  plus  the  slip  between 
the  lapped  sheets.  The  difference,  therefore,  of  these  two  read- 
ings for  any  load  is  the  amount  of  slip  between  the  sheets  of 
metal  for  that  load. 

The  load-slip  curves  for  these  beams  are  shown  in  Figure  16. 
It  will  be  observed  that  slipping  of  the  expanded  metal  sheets 
started  at  rather  low  loads  increasing  slowly  at  first  and  rapidly 


328  Technologic  Papers  of  the  Bureau  of  Standards.        [VoLz? 

in  the  later  part  of  the  test.  In  beam  11I1  when  the  total  slip 
as  shown  in  Figure  1 6  was  0.008  inch,  the  tensile  stress  was  carried 
mainly  by  two  strands  of  the  metal  (see  Fig.  28.)  and  failure  of 
the  beam  occurred  at  a  slightly  increased  load. 

In  slab  11I2  the  amount  of  stress  corresponding  to  a  given 
slip  was  less  than  that  in  beam  11I1.  Thus,  for  beam  11I1  the 
stress  in  the  reinforcement  was  about  20,000  lbs./in.2  when  the 
slip  amounted  to  0.005  inch,  whereas  the  slip  in  beam  11I2  did 
not  reach  this  amount  until  the  stress  in  the  reinforcement  was 
about  30,000  lbs./in.2     Beam    11I2    seemed  tougher  than   nil 
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and  took  a  greater  load,  resulting  in  a  maximum  slip  of  over  0.012 
inch. 

The  difference  in  the  behavior  of  the  two  beams  may  have  been 
due  to  the  fact  that  the  concrete  was  not  filled  in  well  around  the 
reinforcement  of  beam  11I1.  An  examination  of  beam  nil 
after  test  showed  that  the  concrete  around  the  reinforcement  was 
somewhat  porous. 

It  seems  clear  that  the  failure  of  beam  1 1I1  was  due  to  slipping 
of  the  sheets  of  expanded  metal  at  the  lap.  This  fact  was  also 
indicated  by  the  falling  off  of  the  stress  along  all  but  two  of  the 
gauge  lines  at  an  average  measured  stress  of  about  28,000  lbs./in.2 
as  shown  in  Figure  28.  For  beam  11I2,  Figure  28  shows  that 
slipping  did  not  cause  great  inequality  of  stresses  in  the  strands 
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until  a  stress  of  40,000  lbs. /in.2  was  reached  along  all  the  gauge 
lines.  It  is  clear,  however,  that  slipping  caused  some  of  the 
strands  to  take  more  than  their  portion  of  the  stress  before  the 
yield  point  of  the  reinforcement  was  reached,  and  hence  the 
failure  of  the  beam  was  due  to  slipping  at  the  lap,  although  it 
seemed  that  the  length  of  the  lap  was  nearly  large  enough  to 
develop  the  yield  point  of  the  expanded  metal. 

It  is  evident,  therefore,  that  the  minimum  length  of  lap  for 
expanded  metal  of  this  nominal  size  (1.2  square  inches  of  metal 
per  foot  of  width  of  sheet)  required  in  concrete  of  rich  mix  to  de- 
velop the  yield-point  stress  in  the  strands  of  the  metal  without 
causing  failure  by  slipping  at  the  lap  is  somewhat  more  than  10 
inches,  or  1^  diamonds. 

It  is  of  value  to  determine  the  bond  stress  corresponding  to 
the  length  of  lap  of  1  l/z  diamonds  and  to  determine  the  equivalent 
length  of  round  plain  bars  required  to  develop  the  same  bond 
stress  per  unit  of  cross-sectional  area  of  reinforcing  metal.  The 
perimeter  of  one  strand  was  approximately  1.15  inches  and  the 
length  of  a  strand  in  the  lap  of  10  inches  of  the  sheets  was  10.7 
inches.  Hence  the  bond  area  for  each  strand  of  the  lap  is  12.3 
square  inches  or  9.25  square  inches  per  strand  per  diamond. 
Since  each  strand  had  a  right  cross-sectional  area  of  approximately 
0.07  square  inch,  the  bond  area  within  the  length  of  the  diamond 
is  132  square  inches  per  square  inch  of  cross-sectional  area.  With 
a  round  bar,  in  order  to  obtain  the  same  amount  of  bond  area  per 
square  inch  of  cross-sectional  area  of  the  bar,  it  must  have  a 
length  of  ^2>  diameters  of  the  bar.  Tests  4  have  shown  that  with 
concrete  having  approximately  the  same  compressive  strength 
as  that  used  in  these  beams  (4,500  lbs./in.2  at  42  days)  about 
50  diameters  was  the  length  of  a  plain  round  bar  in  which  the 
stress  in  the  lapped  bars  became  equal  to  that  in  the  bars  extend- 
ing the  whole  length  of  the  beam  and  lying  beside  the  lapped  bars. 
To  meet  this  same  requirement  with  expanded  metal  the  lap  of 
the  sheets  must  be  1.51  diamonds. 

The  above  analysis  makes  no  allowance  for  the  mechanical 
anchorage  of  the  expanded  metal  due  to  the  form  of  the  sheets  of 
metal,  but  it  seems  that  the  mechanical  anchorage  should  be  very 
effective.  On  the  other  hand,  no  allowance  is  made  for  a  poor 
contact  between  the  concrete  and  the  expanded  metal  at  the  lap, 
which  is  apt  to  occur  where  two  or  more  layers  of  expanded  metal 
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reinforcement  are  used.  Further,  since  the  bond  resistance 
varies  approximately  in  the  same  ratio  as  the  compressive  strength 
of  the  concrete,  the  above  results  should  not  be  applied  directly 
to  slab  beams  made  of  concrete  having  a  much  smaller  compressive 
strength. 

The  results  of  these  tests  seem  to  indicate,  however,  that  a 
lap  of  \)/2  diamonds  for  expanded  metal  of  the  size  used  in  these 
tests  would  be  sufficient  to  develop  the  yield-point  stress  of  the 
metal  before  failure  would  occur  by  slipping  at  the  lap.  It 
should  be  noted  that  increasing  the  length  of  lap  from  1  to  1% 
diamonds  increases  the  mechanical  anchorage  by  about  50  per 
cent,  since  it  makes  three,  instead  of  two,  "bridges"  or  inter- 
sections of  the  diamonds  effective  as  a  part  of  the  splice.  It 
seems  reasonable  to  expect  that  less  lap  would  be  required  for 
expanded  metal  of  a  lighter  weight  than  that  used  in  these  tests. 
However,  no  experimental  results  with  the  lighter  weights  of 
metal  were  obtained  in  this  investigation. 

5.  DISTRIBUTION  OF  CRACKS. 

A  study  of  the  distribution  of  the  cracks  on  the  bottom  or 
tension  side  of  the  slab  (see  Figs.  17  to  19)  indicates  that  the  ex- 
panded metal  reinforcement  was  more  effective  in  distributing 
the  cracks  in  the  concrete  along  the  length  of  the  beam  than  were 
bars  laid  direct  between  supports.  This  statement  is  true  whether 
the  beam  was  subjected  to  a  "design"  load  only  or  to  loads  greater 
than  the  design  load.  In  this  connection  it  should  be  observed 
that  for  the  same  amount  of  reinforcement  the  expanded  metal 
has  a  greater  bond  area  per  square  inch  of  cross  section  per  inch 
of  length  (per  cubic  inch  of  reinforcement)  than  have  bars  laid 
direct  between  supports.  This  condition  may  also  be  responsible 
for  the  apparently  smaller  stresses  in  the  strands  of  the  expanded 
metal  than  would  be  expected  considering  the  diagonal  direction 
of  the  strands. 

6.   COMPUTED   TENSILE  AND   COMPRESSIVE    STRESSES  AT  MAXIMUM 

LOAD. 

All  the  beams  discussed  in  this  paper  failed  by  tension  in  the 
reinforcement  except  some  of  those  having  one-way  diagonal 
reinforcement  in  which  the  beam  action  was  complicated  by 
torsional  stresses  as  explained  in  Section  II,  3.  In  Table  1  the 
computed  tensile  stresses  for  maximum  load  are  given.  These 
were  computed  by  equation  (14)  in  which  j  was  taken  as  1  —  y$k. 
That  is,  for  the  reasons  given  in  Section  III,  2,  the  stresses  were  as- 
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Fig.  17. — Views  showing  beams  IlAl-2,   IlBl-2,  11C1-2,  and  llDi-2  after  testing. 
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Fig.  18. — Views  showing  beams  11E1-2,  11F1-2,  11G1-2,  and  11H1-2  after  testing. 
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Fig.  19. — Views  showing  beams  11I1-2,  11K1-2,  11L1-2,  and  I1M1-2  after  testing. 
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sumed  to  be  equal  in  the  two  layers  of  reinforcement  at  the  max- 
imum load  on  the  beam  and  the  centroid  of  stress  was  taken  to  be 
at  the  centroid  of  the  sectional  area  of  the  reinforcement.  It 
will  be  seen  that  for  some  of  the  beams  with  direct  reinforcement 
and  for  some  of  those  with  expanded  metal  the  computed  tensile 
stresses  at  failure  were  less  than  the  observed  stresses  shown  in 
Figures  20  to  32  for  loads  below  the  maximum  load.  It  is  possi- 
ble that  this  behavior  is  brought  about  in  part  by  the  difference 
in  depth  to  the  two  layers  of  reinforcement.  The  assistance  from 
the  upper  layer  of  reinforcement  may  have  prevented  a  sharp 
break  in  the  load  stress  curve  at  the  load  causing  the  yield  point 
stress  in  the  lower  layer  of  reinforcement. 

It  has  already  been  pointed  out  that  for  the  beams  with  two- 
way  diagonal  reinforcement  the  stresses  in  the  upper  bars  were 
about  the  same  as  those  in  the  lower  bars,  and  likewise  the  average 
computed  tensile  stress  at  the  maximum  load  agrees  fairly  well 
with  the  observed  stresses  at  the  load  which  caused  a  marked 
yielding  of  the  beam.  As  to  why  the  stresses  were  nearly  equal 
in  the  two  layers  of  bars  for  beams  having  two-way  45  °  diagonal 
reinforcement,  no  explanation  is  offered.  The  fact  that  the  dis- 
crepancy between  the  computed  tensile  stress  at  maximum  load 
and  the  yield  point  was  greater  for  the  expanded  metal  than  for 
the  other  reinforcement  may,  perhaps,  be  explained  by  the  fact 
that  in  proportion  to  the  depth  of  the  beam  the  distance  between 
layers  of  reinforcement  was  greatest  for  the  beams  reinforced  with 
expanded  metal. 

Uncertainties  resulting  from  the  unexpected  behavior  found 
in  examining  the  tensile  stresses  appear  to  make  it  impossible 
to  explain  some  of  the  phenomena  of  the  tests.  For  this  reason  the 
results  are  not  as  valuable  as  they  would  have  been  if  the  compres- 
sive stresses  and  the  tensile  stresses  in  both  layers  for  all  beams 
had  been  measured.  However,  the  tests  indicate  that  reinforce- 
ment placed  in  more  than  one  layer  can  not  be  expected  to  resist 
the  tensile  stresses  as  efficiently  as  when  placed  in  one  layer.  The 
average  distance  between  the  centers  of  the  two  layers  was  22  per 
cent  of  the  depth  for  the  direct  reinforced  beams  and  28  per  cent 
of  the  depth  for  those  reinforced  with  expanded  metal.  The 
strength  of  some  of  the  beams  may  have  been  limited  by  reaching 
the  yield  point  in  the  lower  layer  of  reinforcement  without  having 
developed  the  yield-point  stress  in  the  upper  layer  of  reinforcement 
even  at  the  maximum  load. 
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The  compressive  stresses  given  in  Table  1  were  computed  by  the 
straight  line  formula,  equation  (16),  using  values  of  k  and  /  based 
on  the  assumption  that  the  center  of  tensile  stresses  was  at  the 
centroid  of  the  section  of  the  reinforcement.  It  will  be  noted  that 
for  the  beams  with  high  percentages  of  reinforcement  the  com- 
puted stresses  at  the  maximum  load  were  much  in  excess  of  the 
strength  of  the  cylinders  reported  in  the  same  table.  Even  the 
stresses  computed  by  the  parabolic  formula  were  greater  than  the 
cylinder  strengths,  although  the  beams  did  not  fail  in  compression. 
The  uncertainties  as  to  the  correct  method  of  analysis  will,  of 
course,  have  a  bearing  on  the  computed  compressive  stresses,  but 
there  will  be  less  uncertainty  than  with  respect  to  the  tensile 
stresses.  On  almost  any  basis  that  the  analysis  can  be  made  it 
will  be  found  that  the  computed  compressive  stresses  were  greater 
than  the  cylinder  strength.  To  this  extent  it  will  be  found  that 
the  test  results  are  in  accord  with  those  found  in  previous  inves- 
tigations.5 

If  the  assumption  be  made  that  the  parabolic  formula  gives  the 
true  compressive  stress  in  a  beam,  and  that  the  true  strength  of  the 
concrete  is  given  by  the  cylinder  tests,  Table  6  will  show  that  for 
the  larger  percentages  of  reinforcement  the  stresses  computed  by 
the  straight-line  formula  may  be  expected  to  be  approximately 
35  per  cent  greater  than  the  cylinder  strength  of  the  concrete. 
Taking  into  account  the  additional  fact  that  due  to  unevenness  of 
bearing  in  cylinder  tests  the  maximum  stress  in  the  cylinder  may 
be  considerably  greater  than  the  average  stress  reported  as  the 
strength,  the  high  computed  compressive  stresses  reported  in 
Table  1  need  not  be  considered  as  extremely  unusual. 


TABL 

E  6. — Relation  between  Compressive  Stresses  by  Straight 
by  Parabolic  Formula.0 

-Line  Formula  and 

• 

Ratio  of  reinforcement.  (J>). 

Compressive  stress  for 
tensile    stress  of 
58,000  lbs./in.2 

Ratio 

By  para- 
bolic for- 
mula, /'c. 

By  straight 
line  for- 
mula, /c. 

fclf'c. 

0. 01                        

Lbs./in.2 

1,810 
2,910 
3,910 
4,860 
5,800 

Lbs. 'in.2 
2,660 
4,110 
5,440 
6,560 

1.47 

.02                                        

1.42 

.03                                                        

1.39 

.04                                                    

1.37 

.05  

7,840  1 

a  In  computations  by  parabolic  formula  it  is  assumed  that  the  parabola  is  "complete";  that  is.  that  the 
vertex  is  at  the  extreme  fiber  in  compression  and,  therefore,  that  the  stresses  given  by  the  parabolic  formula 
are  the  ultimate  strengths  of  the  concrete  and  the  same  as  would  be  determined  by  cylinder  tests.  Here 
n  was  taken  as  15.    Smaller  values  of  n  would  give  slightly  smaller  values  of  fclf'c- 

6  Compressive  strength  of  concrete  in  flexure,  Proc.  Am.  Cone.  Inst.,  16,  p.  120;  1920. 
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IV.  SUMMARY. 

The  tests  reported  in  this  paper  were  planned  with  the  view  of 
obtaining  information,  needed  by  the  concrete  ship  section  of  the 
Emergency  Fleet  Corporation  in  the  design  of  concrete  ships,  on 
the  behavior  of  diagonal  reinforcement  in  thin  slab  beams. 
Some  of  the  conditions  imposed  in  the  tests  vary  from  those  which 
usually  obtain  in  the  construction  of  reinforced  concrete,  particu- 
larly in  that  the  concrete  mix  was  very  rich  (1  :  %  :  i}i),  the 
percentage  of  reinforcement  was  large  (from  1.5  to  6.5  per  cent), 
and  the  slab  beams  were  shallow  (about  4  inches  thick).  These 
conditions  in  turn  make  the  position  of  the  reinforcement  in  the 
beam  and  the  manner  of  variation  of  the  stress  on  a  cross  section 
in  the  beam  important  factors  in  the  analysis  of  the  test  data, 
but  factors  that  can  not  be  known  exactly.  Therefore,  as  pointed 
out  in  the  body  of  the  paper,  some  of  the  quantitative  results 
given  should  be  regarded  as  approximate.  However,  although 
there  are  some  uncertainties  involved  in  the  analysis  of  the  test 
data,  and  the  number  of  tests  is  not  sufficient  to  make  average 
results  entirely  reliable,  several  methods  of  interpreting  the  tests 
have  led  to  substantially  the  same  conclusions. 

The  results  of  these  tests  furnish  no  information  on  the  rela- 
tive merits  of  direct  and  diagonal  reinforcement  or  of  loose  bars 
and  expanded  metal  in  slabs  supported  on  four  sides  or  for  re- 
sisting of  stresses  set  up  by  temperature  changes,  shrinkage,  un- 
equal settlement,  etc. 

The  following  summary-  of  results  is  given : 

1 .  The  average  unit  stress  in  the  expanded  metal  reinforcement 
of  the  slab  beams  was  approximately  the  same,  for  a  given  load, 
as  that  in  the  reinforcement  of  the  beam  having  bars  laid  direct 
between  supports.  The  average  stress  in  bars  laid  in  two  bands 
making  45  °  with  the  direction  of  the  span  was  about  1.8  times 
the  stress  in  the  reinforcement  of  the  beams  having  bars  laid 
direct  between  supports,  when  the  data  had  been  reduced  to  a 
comparable  basis. 

2.  The  ratio  of  the  average  observed  stress  in  the  expanded 
metal  reinforcement  to  the  stress  in  the  direct  reinforcement, 
therefore,  was  about  15  per  cent  less  than  that  given  by  the  secant 
method  of  computation,  and  the  average  ratio  for  the  bars  of  the 
two-way  450  diagonal  reinforcement  was  about  4  per  cent  less 
than  that  given  by  the  secant  method  of  computation.  The 
comparison  in  this  and  the  preceding  paragraph  were  made  for 
loads  causing  stresses  of  20,000  and  30,000  lbs. /in.2  in  the  direct 
reinforcement.     Assistance  from  the  concrete  in  carrying  the  ten- 
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sile  stresses  will  probably  help  to  account  for  the  lower  stresses 
found  in  the  expanded  metal. 

3.  The  ratio  of  the  maximum  loads  carried  by  the  beams  rein- 
forced with  expanded  metal  (0  =  22><O)  and  by  those  reinforced 
with  diagonal  bars  (0  =  45  °)  to  the  loads  carried  by  the  beams  with 
direct  reinforcement  (0  =  o°)  were,  respectively,  13  per  cent  less 
and  1 3  per  cent  greater  than  is  indicated  by  the  secant  method  of 
computation. 

4.  For  the  three  directions  of  the  reinforcement  the  ratios  of 
the  loads  carried  to  the  computed  loads  were  0.963,  0.818,  and 
1.087  where  the  angles  0  were  o°,  22}4°,  and  45 °,  respectively. 

5.  The  tests  indicate  that  on  the  whole  the  stresses,  deflections, 
and  maximum  loads  for  beams  with  the  three  types  of  reinforce- 
ment were  approximately  in  accordance  with  the  results  obtained 
from  the  analysis  based  upon  the  secant  relation.  The  shallow- 
ness of  the  beams  and  the  fact  that  the  reinforcement  was  in  two 
layers  give  an  importance  to  small  errors  in  placing  reinforcement 
and  in  the  taking  of  measurements,  which  makes  it  desirable 
that  the  results  be  confirmed  by  tests  not  so  limited  in  these 
respects. 

6.  The  tension  cracks  were  distributed  more  uniformly  through- 
out the  span  for  the  beams  reinforced  with  expanded  metal  than 
for  those  reinforced  with  bars. 

7.  The  slab  beams  reinforced  with  expanded  metal  with  a  lap  of 
10  inches  (slightly  more  than  a  length  of  1  diamond)  at  the  center 
of  the  beam  failed  by  slipping  of  the  sheets  of  expanded  metal  at 
the  lap.  A  stress  of  28,000  lbs. /in.2  was  developed  in  the  strands 
of  the  expanded  metal  in  one  of  the  beams  and  40,000  lbs. /in.2  in 
the  strands  in  the  other  beam  before  slipping  caused  great  un- 
evenness  in  the  distribution  of  the  stress  in  the  various  strands. 
A  lap  of  1  y2  diamonds  for  the  larger  sizes  of  expanded  metal  used 
in  these  tests  would  seem  to  be  sufficient  to  develop  the  yield- 
point  strength  of  the  reinforcement  before  slipping  at  the  lap 
occurs. 

8.  None  of  the  beams  tested  failed  in  compression  of  the  con- 
crete, although  the  calculated  compressive  stress  at  the  extreme 
fiber  computed  by  the  straight-line  formula  for  the  two  beams 
having  approximately  5  per  cent  of  direct  reinforcement  was  1 .  73 
times  the  compressive  strength  obtained  from  the  tests  of  the 
control  cylinders.  This  result  is  in  conformity  with  the  trend  of 
other  test  results. 

Washington,  August  7,  1922. 
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Fig.  20. — Load-stress  and  load-deflection  curves  for  beams  I1A1  and  I1A2. 
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Fig.  21. — Load-stress  and  load-deflection  curves  for  beams  11B1  and  11B2. 
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Fig.  22. — Load-stress  and  load-deflection  curves  for  beams  11C1  and  11C2. 
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FlG.  23. — Load-stress  and  load-deflection  curves  for  beams  11D1  and  11D2. 
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Load  in  Pounds 
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Fig.  24. — Load-stress  and  load-deflection  curves  for  beams  llEl  and  11E2. 


Load  in  Pounds 

Fig.  25. — Load-stress  and  load-deflection  curves  for  beams  IlFl  and  I1F2. 
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Fig.  26. — Load-stress  and  load-deflection  curves  for  beams  IlGl  and  I1G2. 
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FlG.  27. — Load-stress  and  load-deflection  curves  for  beams  ilHi  and  11H2. 
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Fig.  28. — Load-stress  and  load-deflection  curves  for  beams  nil  and  11I2. 
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Fig.  29. — Load-stress  and  load-deflection  curves  for  beams  11K1  and  11K2. 
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Load  in  Pounds 

FlG.  30. — Load-stress  and  load-deflection  curves  for  beams  IlLl  and  I1L2. 
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Fig.  31. — Load-stress  and  load-deflection  curves  for  beams  11M1  and  I1M2. 
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Fig.  32. — Load-stress  and  load-deflection  curves  for  beams  11N1  and  11N2. 

APPENDIX:  ABSTRACT  OF  "CONCRETE  REINFORCEMENT 
AT  AN  ANGLE  WITH  THE  DIRECTION  OF  THE  NORMAL 
FORCE,"  BY   PROF.  E.  SUENSON. 

Since  the  completion  of  this  paper  an  article  6  has  been  published  by  Prof.  E.  Suen- 
son,  of  Copenhagen,  whose  field  and  method  of  attack  are,  in  general,  the  same  as  those 
of  this  paper.  Professor  Suenson  makes  an  analysis  of  the  problem  and  publishes  the 
results  of  tests.  So  far  as  the  analysis  covers  the  same  field  as  that  in  this  paper  the 
results  are  identical  with  the  results  given  here.  He  considers  the  relative  effective- 
ness of  diagonal  and  of  direct  reinforcement  for  cases  where  both  are  present  in  the  same 
member,  and  for  cases  where  all  of  the  reinforcement  is  diagonal:  (a)  In  preventing 
the  initial  cracking  of  the  concrete,  (b)  in  resisting  the  stresses  set  up  after  the  con- 
crete has  been  cracked  and  no  longer  is  assumed  to  resist  any  of  the  tensile  stress, 
(c)  in  resisting  the  stresses  after  the  yield  point  of  the  reinforcement  has  been  passed. 

The  analysis  leads  to  the  conclusion  that  in  comparison  with  the  direct  reinforce- 
ment the  diagonal  reinforcement  is  still  less  effective  in  preventing  the  initial  cracking 
of  the  concrete  than  it  is  in  resisting  the  stresses  which  are  set  up  after  the  concrete 
has  cracked.  A  knowledge  of  the  relative  values  in  resisting  the  stresses  after  the  yield 
point  of  the  reinforcement  has  been  reached  is  of  especial  rignificance  in  the  cases 
where  both  direct  and  diagonal  reinforcement  are  present  in  the  same  beam.  The 
analysis  of  the  case  in  which  both  diagonal  and  direct  reinforcement  are  present  points 
out  that  the  stress  will  be  much  greater  in  the  direct  than  in  the  diagonal  reinforce- 
ment, and  that,  therefore,  diagonal  reinforcement  can  not  be  used  economically  with- 
out overstressing  the  direct  reinforcement.  After  the  yield  point  of  the  reinforcement 
has  been  passed  the  stresses  in  the  two  sets  of  reinforcement  become  very  nearly  the 
same,  and,  therefore,  the  diagonal  reinforcement  performs  a  larger  part  proportionally 
in  resisting  the  total  stress  than  at  loads  below  the  yield  point. 


6  Eisenbetonbe weh  rung  unter  einem  Winkel  mit  der  Richtung  der  Xonnalkraft. 
June  15.  p.  145;  1922. 
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The  test  beams  had  the  nominal  dimensions  and  the  reinforcement  shown  in  Figure 
iA.  The  measured  depths  and  widths  are  given  in  Table  1 A .  The  reinforcement  used 
had  a  very  sharply  denned  yield  point  of  about  44,000  lbs./in.2,  while  at  a  stress  of 
42,500  lbs.  in.-  the  proportional  limit  had  not  been  exceeded.  The  span  used  in  test- 
ing was  6  feet  6.74  inches.  The  load  points  were  11. 81  inches  apart.  Measurements 
of  deflection  and  rather  rough  measurements  of  the  longitudinal  deformation  on  the 
tension  side  of  the  beams  were  taken.  These  measurements  indicate  a  general  agree- 
ment with  the  results  of  the  analysis,  but  the  main  dependence  is  placed  upon  the  loads 
carried  at  the  occurrence  of  the  first  crack  and  at  the  failure  of  the  beams.  It  is  stated 
that  the  beams  with  direct  reinforcement  "behaved  as  brittle  specimens  which  broke 
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All  longitudinal  and  diagonal  bars,  .237 /n.  diameter 

Fig.  iA. — Design  of  beams  tested  by  Suenson. 

down  suddenly  with  a  deflection  of  only  0.8  centimeter  (0.315  inch)  while  the  others 
were  extraordinarily  tough." 

The  apparent  indication  from  the  tests  was  that  the  diagonal  reinforcement  was 
less  effective  in  preventing  the  occurrence  of  the  first  crack  than  the  analysis  indicated. 
Professor  Suenson  attributes  this  showing,  partially  at  least,  tc  the  fact  that  the  effec- 
tiveness of  the  concrete  in  the  layer  occupied  by  the  diagonal  reinforcement  is  impaired. 
The  presence  of  the  reinforcement  prevents  the  transfer  of  tension  by  the  concrete 
through  the  intersecting  bars.  By  neglecting  the  concrete  in  this  layer  he  shows 
that  the  computed  stresses  in  the  concrete  and  in  the  reinforcement  at  the  time  of 
the  first  crack  will  be  more  nearly  equal  for  the  three  types  of  beams  than  are  the 
values  shown  in  Table  2  A. 

In  Table  2A  it  will  be  noted  that  at  the  maximum  load  the  computed  stress  in  the 
reinforcement  was  greater  than  the  yield  point  (44,000  lbs./in.2)  for  all  the  beams. 
This  was  believed  to  be  due,  partially  at  least,  to  the  rising  of  the  neutral  axis  and 
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the  consequent  increase  in  the  length  of  the  moment  arm,  jd,  after  reaching  the  yield 
point.  A  correction  was  made  by  assuming  that  for  the  entire  depth  from  the  top  of 
the  beam  to  the  neutral  axis  the  concrete  stress  had  reached  the  assumed  ultimate 
strength  of  7,125  lbs. /in.2,  and  a  new  moment  arm,  jd,  was  determined  accordingly. 
The  corrected  stresses  given  in  column  7  of  Table  2  A  were  computed  in  this  manner. 
This  brought  the  computed  stress  for  the  beams  with  direct  reinforcement  into  fair 
agreement  with  the  observed  yield  point.  It  will  be  seen,  however,  that  the  computed 
stresses  for  the  beams  with  diagonal  reinforcement  were  greater  than  those  for  the  beams 
with  direct  reinforcement  even  after  this  correction  had  been  made,  indicating  that  at 
the  maximum  load  the  diagonal  reinforcement  was  more  effective  in  resisting  the  stresses 
than  was  found  in  the  analysis.  This  difference  is  believed  by  Professor  Suenson  to  be 
due  to  the  fact  taat  after  passing  the  yield-point  stress  the  elongation  of  the  reinforce- 
ment caused  the  angle  of  the  reinforcement  with  the  span  to  be  so  much  reduced  as  to 
increase  appreciably  the  load-carrying  capacity.  By  actual  measurement  the  angle 
between  the  bars  and  the  span  was  about  380  at  the  maximum  load  instead  of  4^°. 
Computation  of  the  tensile  stresses  at  the  maximum  load,  using  an  angle  of  380,  gave 
the  stresses  shown  in  column  8  of  Table  2  A.  Obviously  these  values  are  considerably 
closer  to  the  yield  point  of  the  steel  than  the  uncorrected  values  given  in  columns 
6  and  7  of  Table  2A. 

TABLE  1A. — Dimensions  of  Beams  and  Amounts  of  Bending  Moment  Applied. 


Depth. 

Width. 

Reinforcement.1 

Applied  moment. 

Ratio 

Beam  number. 

Total. 

Toe.  g. 

of 
steel. 

Direct. 

Diagonal. 

At 

first 
crack. 

At  max- 
imum 
load. 

of  the 

two  mo- 
ments. 

PI 

Inches. 
4.03 

4.04 

4.11 
4.15 

4.12 
4.05 

Inches. 
3.23 
3.26 

3.26 

3.35 

3.23 
3.22 

Inches. 
11.78 
11.81 

11.81 
11.85 

11.85 
11.89 

>6  bars . . . 

Lbs.'in.2 

/     32,550 
\    26,980 

1    ?f>  Qsn 

Lbs.  in.- 
54,600 
54,100 

56,300 

56.600 

60.000 
57,000 

0.596 
.500 

.480 

.474 

P2 

Bl 

J3  bars. . . 

B2 

4  bars... |{ 

Kl 

V8  bars . . . 

/    25,200 
\    21,650 

K2 

1  All  reinforcing  bars  0.287  inch  in  diameter. 

TABLE  2A. — Computed  Stresses  in  Beams. 


Computed     stress 
crack. 

at     first 

Computed  stress  at  maximum  load. 

Beam  number. 

9=  45V 

8=45°. 

9=38°. 

fc5 

ft.2 

fc.J 

fc 

fa. 

fs-2                  f3.3 

PI 

987 
810 

792 

774 

745 
652 

901 
739 

742 
729 

714 
625 

532 

440 

425 
442 

400 
363 

2,455 
2,390 

2,740 

50, 600 
49,700 

52.100 

45,000           44.500 

P2 

44,100           44.1(10 

Bl 

47,100 

46.400 

52.500 
49,900 

44,800 

B2 

2,640  1      51,300 

3,450         56.600 
2,285         54.0,10 

44,000 

Kl 

47,000 

K2 

44,700 

1 6  is  the  angle  between  the  axis  of  the  bars  and  the  direction  of  the  span. 

*/c  is  the  computed  compressive  stress  in  the  concrete;  ft  is  the  computed  tensile  stress  in  the  concrete ; 
and/5  is  the  computed  tensile  stress  in  the  steel. 

3  These  stresses  computed  on  the  assumption  that  the  compressive  stress  is  uniformly  distributed  over 
the  part  above  the  neutral  axis  and  everywhere  equal  to  7,100  lbs. /in.2  the  ultimate  strength  of  the  concrete. 
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Professor  Suenson  recommends  that  where  concrete  in  tension  is  considered  in  the 
computations — that  is,  where  the  loads  are  too  small  to  crack  the  concrete — a  cor- 
rection should  be  introduced  which  will  take  account  of  the  ineffectiveness  of  the 
concrete  at  the  level  of  the  diagonal  reinforcement.  For  this  purpose  he  proposes 
that  the  total  area  of  concrete  capable  of  resisting  tension  be  reduced  by  the  sectional 
area  of  the  concrete  which  contains  the  reinforcing  bars;  that  is,  the  concrete  whose 
longitudinal  continuity  is  broken  by  the  reinforcement. 

Where  concrete  is  not  considered  to  be  effective,  in  tension  Professor  Suenson 
recommends  that  the  indications  of  the  analysis  be  made  the  basis  of  design. 
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By  F.  P.  Hall. 


ABSTRACT. 

Probably  the  most  characteristic  property  of  clay  is  plasticity.  Numerous  methods 
have  been  proposed  for  measuring  this  important  property.  Criticisms  concerning 
the  more  important  methods  are  given  in  the  first  part  of  this  paper.  The  second  part 
is  devoted  to  the  presentation  of  experimental  data  collected  with  the  use  of  the 
Bingham  plastometer,  an  instrument  that  has  been  recently  brought  forward  for 
measuring  the  plasticity  of  paints,  greases,  and  other  semirigid  materials.  The  plas- 
tometer is  a  modified  capillary-tube  viscosimeter. 

Plasticity  has  been  resolved  into  its  two  components  by  Bingham,  and  the  Bingham 
plastometer  is  supposed  to  give  a  measure  of  these  two  components  designated  as  yield 
value  and  mobility.  A  certain  equation  has  been  developed  by  Bingham  giving  the 
relation  between  the  two  factors  of  plasticity  of  a  material  and  the  dimensions  of  the 
capillary  of  tube  used  in  the  plastometer.  This  equation,  together  with  a  modification , 
has  been  proven  by  Bingham  to  hold  for  paints,  but  in  the  case  of  clay  slips  with  which 
we  are  dealing  the  equation  does  not  hold  true,  as  is  shown  in  this  article.  This  is 
due  to  an  end  effect  which  is  not  taken  into  account  in  the  equations,  and  which  we 
have  not  been  able  to  evaluate.  Thus  we  have  not  been  able  to  express  these  two 
factors,  viz,  yield  value  and  mobility  in  absolute  units.  But  by  using  the  same 
capillary  we  have  been  able  to  obtain  some  interesting  comparisons  of  several  types 
of  clays  and  the  effect  of  addition  of  certain  materials  and  reagents  to  clay  slips.  We 
believe  that  by  using  the  same  capillary  we  can  determine  in  a  comparative  manner 
the  relative  plasticities  of  clays. 


CONTENTS. 

Page. 
I.  Introduction 346 

1.  Need  for  a  practical  method 346 

II.  Definitions 346 

III.  Methods  of  measuring  plasticity 347 


Indirect  methods. 


347 


(a)  Dye-absorption  test 347 

(6)  Methods  based  on  bonding  power 348 

(c)  MacMichael  torsional  viscosimeter 348 

2.  Direct  methods 340 

(a)  Method  of  G.  E.  Stringer  and  W.  Emery 349 

(b)  Atterberg  plasticity  method 350 

(c)  Emley  plasticimeter 351 

(d)  Bingham  plastometer 3^! 

Experimental 355 

Preparation  of  samples 355 

IV.    Conclusions 365 

345 


346  Technologic  Papers  of  the  Bureau  of  Standards.  [Voi.ij 

I.  INTRODUCTION. 

1.  NEED  FOR  A  PRACTICAL  METHOD. 

Although  plasticity  is  a  property  that  is  essential  to  the  useful- 
ness of  clays,  it  is  one  for  which,  after  ages  of  service,  there  is  no 
generally  accepted  conception  which  can  be  crystallized  into  a 
definition.  It  is  the  property  which  makes  clays  workable.  A 
material  like  mud,  or  dough,  or  putty  that  can  be  formed  readily 
by  simple,  moderate  pressure,  and  which  will  retain  whatever 
shape  is  thus  imparted  to  it,  is  called  plastic.  To  the  potter  or 
the  brickmaker,  plasticity  is  practically  the  same  as  workability. 
It  is  commonly  judged  by  the  feel  in  the  hands,  or  the  way  it 
behaves  on  the  potter's  wheel.  But  such  methods  are  not  capable 
of  giving  anything  approaching  a  reliable  measure  of  plasticity,1 
and  it  is  becoming  increasingly  important  to  measure  this  property 
so  that  the  plasticity  of  a  clay  can  be  expressed  as  a  definite, 
quantitative  value.  It  is  obvious  that  it  would  be  of  advantage 
to  a  producer  to  be  able  to  catalogue  his  different  grades  with  a 
definite  figure  for  the  plasticity  for  each,  and  it  would  be  an 
advantage  to  the  purchaser  to  have  such  information  in  selecting 
clays  for  trial  or  for  use.  The  importance  of  specifications  for 
materials  is  rapidly  becoming  more  apparent,  and  while  it  is  con- 
ceivable that  specifications  for  clays  might  be  satisfactory  without 
containing  a  direct  plasticity  requirement,  it  is  reasonably  certain 
that  such  a  requirement  would  be  included  if  a  practical  method 
for  making  the  necessary  measurements  was  available.  Fur- 
thermore, in  any  scientific  study  of  clays,  for  the  purpose  of 
classification  or  of  utilizing  the  materials  more  advantageously  in 
the  ceramic  industries,  it  is  evident  that  a  quantitative  expression 
for  plasticity  would  be  useful.  With  these  considerations  in 
view,  the  Bureau  of  Standards  has  undertaken  a  study  of  this 
property.  The  work  which  is  to  be  reported  in  this  paper  deals 
with  analysis  of  the  more  important  of  the  proposed  methods  of 
measurement  which  have  gained  some  recognition,  and  particu- 
larly with  a  study  of  results  that  have  been  obtained  in  a  some- 
what extended  series  of  experiments  with  the  method  of  Bingham 
and  Green. 

II.  DEFINITIONS. 

While  it  is  a  simple  matter  to  state,  in  a  general  way,  what 
plasticity  is,  a  more  searching  analysis  is  required  to  define  the 
property  in  terms  that  are  capable  of  mathematical  expression. 

1  "Mechanism  of  plasticity."  by  Bole,  J.  Am.  Cer.  Soc.,  5,  No.  6;  1923. 
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In  other  words,  it  is  easy  to  define  plasticity  in  such  a  way  that 
it  is  possible  to  say  whether  a  given  material  is  of  low,  moderate, 
or  high  plasticity,  but  not  so  easy  to  define  it  so  that  it  would  be 
possible  to  determine  just  how  plastic  it  is.  Different  investi- 
gators have  devised  methods  of  measurement  conforming  with 
their  own  conceptions  of  what  it  is,  or  possibly  have,  in  some 
cases,  devised  a  definition  conforming  to  a  proposed  method  of 
measurement.  It  will  be  noted  in  the  discussion  of  the  methods 
referred  to  in  this  paper  that  different  methods  measure  different 
factors.  It  is  possible  that  from  a  mathematical  standpoint 
plasticity  is  a  definite,  hard  and  fast  thing  for  which  only  one 
correct  conception  can  be  formed,  and  to  which  only  one  essen- 
tially correct  definition  can  be  applied.  However,  plasticity  as  a 
property  is  essential  to  materials  used. in  a  number  of  industries, 
and  the  term  plasticity  has  a  somewhat  different  significance  in 
connection  with  different  industrial  operations.  Therefore,  the 
fact  that  a  method  may  not  measure  plasticity  according  to  the 
strictest  interpretation  of  the  term  does  not  justify  the  conclusion 
that  the  method  is  of  no  practical  value.  That  relation  of  factors 
which  it  does  measure  may  be  what  is  essential  to  a  particular 
type  of  operation,  and,  therefore,  it  may  serve  a  definite  purpose. 
In  the  discussion  of  methods,  which  is  given  in  this  paper,  it  is 
the  purpose  to  state  what  each  one  does  determine  rather  than 
to  show  how  nearly  each  one  conforms  to  a  definition  which  is 
assumed  to  be  correct. 

III.  METHODS  OF  MEASURING  PLASTICITY. 

A  considerable  number  of  methods,  some  direct  and  others 
indirect,  have  been  proposed  for  measuring  plasticity,  the  indirect 
methods  being  based  on  the  assumption  that  some  other  related 
but  simpler  and  more  easily  measurable  property  would  serve  as 
an  index  to  plasticity  itself.  The  most  noteworthy  of  the  pro- 
posed indirect  methods  are  those  based  on  (1)  colloidal  content, 
(2)  bonding  power,  and  (3)  the  so-called  viscosity  of  the  clay  slip. 

1.  INDIRECT  METHODS. 

(a)  DYE-ABSORPTION  TEST. 

Clays  exhibit  many  properties  common  to  substances  in  the 
colloidal  state,  such  as  hydrolysis,  absorption,  shrinkage,  ability  to 
change  from  sol  to  gel  form  and  vice  versa.     The  colloidal  theory2 

'"Theories  of  plasticity,"  Transactions  of  Am.Ceram.  Soc.,  11,  p. 336;  12,  p. 814;  14,  p.  72;  16,  p  6s; 
17,  p.  616. 
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is  probably  the  most  widely  accepted  explanation  for  the  cause  of 
plasticity,  and  the  analogy  between  clays  and  substances  in  the 
colloidal  state  has  led  a  number  of  investigators  to  look  to  the 
field  of  colloidal  chemistry  for  a  possible  solution  of  the  problem 
of  measuring  plasticity.  Thus  Ashley,  assuming  the  plasticity 
of  a  clay  to  be  inversely  proportional  to  the  grain  size,  reasoned 
that  the  clay  with  the  highest  colloidal  content  would  be  the 
most  plastic. 

Plasticity  is  not,  however,  entirely  due  to  the  presence  of 
colloidal  matter  in  clays,  though  the  effects  of  colloids  in  increasing 
plasticity  can  not  be  denied.  In  determining  the  colloid  content 
Ashley  used  the  dye-absorption  test.  The  absorption  of  a 
clay  is  usually  determined  by  noting  the  loss  of  color  of  a  dye 
solution,  such  as  malachite  green,  and  comparing  it  with  another 
similar  solution  to  which  a  standard  clay  has  been  added.  It  is 
known  that  different  colloids  have  different  absorptive  powers 
toward  a  single  dye  and  it  is  not  reasonable  to  assume  that  the 
colloidal  matter  in  all  clays  is  the  same;  hence  this  method  of 
determining  the  colloidal  content  is  open  to  a  serious  objection 
In  other  words,  in  order  for  this  method  to  be  correct  the  colloidal 
matter  in  different  clays  would  have  to  have  the  same  absorptive 
power,  and  this  is  not  the  case. 

(6)  METHODS  BASED  ON  BONDING  POWER. 

In  the  study  of  clays  for  a  number  of  industrial  purposes,  the 
determination  of  bonding  power,  which  is  the  ability  of  a  clay  to 
impart  strength  to  a  dried  mixture  made  up  in  part  of  materials 
less  plastic  than  itself,  is  extremely  important.  In  most  cases 
clays  of  high  plasticity  also  have  high  bonding  power,  but,  as  is 
recognized  by  ceramists,3  bonding  power  is  not  identical  with 
plasticity  and  is  by  no  means  a  reliable  index  to  it.  It  is  therefore 
not  expedient  to  discuss  the  several  proposed  methods  based  on 
bonding-power  determination. 

(c)  MacMICHAEL  TORSIONAL  VISCOSIMETER. 

This  instrument  was  first  brought  forward  to  determine  the  so- 
called  viscosity  of  clay  slips.  It  is  at  present  used  to  determine 
the  viscosity  of  liquids.  It  will  be  shown  later  that  clay  slips 
are  not  liquids  but  plastic  substances.  The  torsional  viscosimeter 
determines  viscosity  by  means  of  a  torsional  balance,  usually 
consisting  of  two  concentric  cylinders,  one  of  which  has  an  angular 

3  A.  V.  Bleininger,  B.  S.  Tech.  Papers,  No.  144,  p.  17.    J.  W.  Mellor,  Communication  No.  53  from  Clay 
and  Pottery  laboratory.  Stoke-on-Trent,  p.  1. 
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motion  about  their  common  axis.  One  of  the  cylinders  is  sus- 
pended by  a  fine  wire,  thus  forming  a  torsional  pendulum.  In 
the  MacMichael  instrument  the  outer  cylinder  rotates  at  constant 
speed.  The  inner  cylinder  rotates  until  the  torsional  force  in  the 
suspending  wire  balances  the  viscous  resistance,  and  then 
remains  in  a  fixed  position  so  that  a  reading  may  be  taken.  If, 
in  the  case  of  a  viscous  liquid,  the  speed  of  rotation  of  the  outer 
cylinder  is  plotted  against  the  angular  deflection  of  inner  cylinder, 
the  result  will  be  linear  and  the  straight  line  will  pass  through 
the  origin. 

If  a  plastic  substance*  is  tested  the  result  will  be  linear  at  high 
speeds  but  the  linear  portion  of  the  curve  extended  will  not  pass 
through  the  origin  but  will  intersect  the  deflection  axis  at  a  finite 
point  above  the  origin.  Clay  slips  behave  like  plastic  substances 
in  this  instrument.  Tests  made  with  it  at  the  Bureau  of  Standards 
on  a  variety  of  clay  slips  showed  that  the  results  were  not  repro- 
ducible, due  to  what  may  be  called  a  "puddling  effect."  Thus,  as 
the  outer  cylinder  rotates,  that  part  of  the  slip  immediately  sur- 
rounding the  inner  cylinder  changes  in  consistency  as  the  stirring 
continues.  Another  difficulty  in  testing  clay  slips  in  this  type  of 
instrument  is  that  of  filling  the  outer  cup  to  the  proper  height. 
In  dealing  with  a  substance  that  does  not  flow  freely  under  its  own 
weight  it  is  very  difficult  to  pour  the  substance  into  a  container  so 
that  the  entire  surface  will  be  at  the  same  level. 

This  "puddling  effect"  observed  in  this  type  of  instrument  is 
likely  to  be  present  in  any  instrument  designed  for  this  type  of 
substance  as  long  as  the  agitation  is  local  and  does  not  extend  to 
the  entire  mass.  In  a  clay  slip  the  particles  are  not  free  to  move 
about;  hence  we  have  local  agitation  within  the  outer  cup  imme- 
diately surrounding  the  inner  cylinder,  and  this  agitation  changes 
the  apparent  wetness  of  this  part  of  the  slip.  This  instrument  in 
its  present  form  can  not  be  recommended  for  the  testing  of  clay 
slips.  The  curves  obtained  by  testing  clay  slips  with  it  are  very 
similar  to  those  obtained  with  the  Bingham  instrument,  which  will 
be  described  in  another  portion  of  this  article. 

2.  DIRECT  METHODS. 

(a)  METHOD  OF  G.  E.  STRINGER  AND  W.  EMERY. 

It  is  known  that  plasticity  varies  with  the  proportion  of  water 
mixed  with  the  clay.  The  possible  plasticity  is  that  which  can  be 
developed  under  the  best  known  conditions.     Messrs.  Stringer  and 

4  G.  S.  J.  Perrott  and  Reinhardc  Tiiressea,  J.  lad.  and  Eng.  Chem.,  p.  324;  1920. 
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Emery  have  measured  the  relations  between  the  proportion  of  water 
in  the  clay  mixture  and  the  resistance  the  clay  offers  to  changing 
its  shape,  and  the  deformation  the  clay  can  suffer  without  cracking. 
Their  method  is,  briefly :  A  sphere  of  clay  mixture  is  made  2  cm 
in  diameter.  This  sphere  is  placed  upon  a  glass  slab  and  this 
placed  under  a  vertical  piston.  Weights  are  added  to  the  piston 
to  cause  it  to  descend  upon  the  clay  sphere.  The  descent  of  the 
piston  is  stopped  when  vertical  cracks  appear  on  the  edge  of  the 
disc.  The  distance  moved  by  the  descending  piston  is  taken  to 
represent  the  amount  of  deformation  the  clay  could  suffer  without 
cracking  and  the  weight  required  to  compress  the  clay  sphere  a 
definite  distance  is  taken  to  represent  the  resistance  the  clay 
offers  to  changing  its  shape.  They  found,  by  this  method,  that 
as  water  is  progressively  added  to  a  clay  the  plasticity,  as  deter- 
mined by  them,  increases  to  a  maximum  and  then  as  more  water 
is  added  the  plasticity  gradually  decreases.  The  chief  difficulty 
with  this  method  seems  to  be  in  making  the  clay  sphere.  Cylin- 
drical test  pieces  are  not  as  satisfactory  as  spherical  ones.  The 
results  are  expressed  in  plasticity  units  which  are  empirical.  It 
is  difficult  to  obtain  concordant  results  and  the  method  can  not 
be  regarded  as  satisfactory  without  modification.  It  was  found 
that  the  greater  the  plasticity  of  the  clay  the  greater  the  proportion 
of  water  required  to  develop  the  maximum  plasticity.  A  ball 
clay  required  30  per  cent  of  water  before  becoming  sticky,  a  kaolin 
required  20  per  cent,  while  a  very  short  clay  required  only  10  per 
cent  of  water  to  make  it  sticky. 

(6)  ATTERBERG  PLASTICITY  METHOD.* 

This  method  is  based  upon  the  varying  physical  behavior  of 
clays  with  different  water  contents.  The  range  of  water  content 
over  the  workable  stage  is  determined.  The  workable  stage  is 
bounded  by  two  points  which  are  arbitrarily  fixed,  one  point 
being  that  at  which  the  clay  mass  will  barely  flow,  and  the  other 
the  point  at  which  the  clay  mass  can  no  longer  be  rolled  into 
threads.  It  is  Atterberg's  contention  that  the  wider  this  range 
the  more  plastic  is  the  clay.  The  results  are  expressed  in  a  unit 
designated  as  the  "plasticity  number,"  which  is  empirical.  This 
"plasticity  number,"  along  with  the  per  cent  water  of  plasticity, 
is  supposed  to  determine  the  plasticity  of  the  clay. 

'  B.  S.  Tech.  Papers,  No.  46. 
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It  is  evident  that  in  a  method  of  this  type  too  much  is  left  to 
the  judgment  of  the  person  conducting  the  tests.  For  com- 
parative tests  this  method  seems  to  have  met  with  a  fair  degree  of 
success. 

(c)  EMLEY  PLASTICIMETER. 

This  instrument  is  described  in  Bureau  of  Standards  Tech- 
nologic Papers  No.  169,  by  Warren  E.  Emley.  F.  A.  Kirkpatrick 
and  W.  B.  Orange  used  this  instrument  for  testing  clays  and 
limes  and  made  a  report  of  the  results  in  an  article  in  vol.  3, 
Journal  of  the  American  Ceramic  Society.  The  results  are  ex- 
pressed in  a  term  called  the  "plasticity  figure,"  which  is  empirical, 
depending  upon  the  dimensions  of  the  instrument.  Mr.  Emley 
states  that  the  consistency  has  little  influence  upon  the  plasticity. 
This  is  not  consistent  with  the  definition  of  plasticity  as  com- 
monly given  by  the  ceramist.  The  ceramist  recognizes  the  fact 
that  the  plasticity  is  greatly  affected  by  the  water  content  of  the 
clay  mixture.  There  seems  to  be  a  difference  in  the  definition 
of  plasticity  as  given  by  the  ceramist  and  that  given  by  the 
plasterer.  Hence  the  plasticimeter,  while  apparently  giving  good 
practical  results  with  plasters,  is  not  measuring  the  same  prop- 
erty that  is  designated  as  plasticity  by  the  ceramist.  The  plas- 
ticimeter measures  the  property  of  retaining  water  and  the  resist- 
ance to  deformation  under  pressure  that  a  substance  possesses. 
It  is  yet  to  be  proven  whether  or  not  these  two  properties  are  an 
index  of  plasticity. 

{d)  BINGHAM  PLASTOMETER.' 

If  clay  be  suspended  in  water,  the  fluidity  is  lowered  rapidly 
and  in  a  perfectly  linear  manner.  As  the  proportion  of  clay  in- 
creases a  concentration  is  reached  at  which  the  fluidity  is  zero 
as  measured  in  an  ordinary  viscosimeter.  Thus  these  instruments 
are  not  available  for  measuring  the  viscosity  of  a  suspension  above 
that  critical  concentration  where  the  substance  ceases  to  act  as  a 
viscous  liquid.  Prof.  E.  C.  Bingham  has  developed  an  instrument 
for  the  investigation  of  substances  of  plastic  nature.  In  using 
this  instrument  the  rate  of  flow  through  a  capillary  tube  under  a 
definite  constant  pressure  head  is  determined.  The  flow  at  sev- 
eral pressures  having  been  determined,  the  volume  discharged 
per  second  is  plotted  against  the  pressure  producing  the  flow. 
For  true  viscous  liquids  the  relation  is  linear  and  passes  through 
the  origin;  for  plastic  substances  the  relation  is  linear  at  high 

8  Proceedings,  Am.  Soc.  Test.  Mats.,  19  and  20,  Pt.  II;  1919  and  1920. 
30147°— 23 2 
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pressures,  but  if  this  linear  portion  of  the  curve  is  extended  to 
the  pressure  axis  it  will  not  intersect  the  axis  at  zero  but  at  a 
finite  point  on  the  pressure  axis.  Figure  i  illustrates  this  differ- 
ence between  the  two  states  of  substances.  The  fact  that  with 
plastic  substances  the  linear  portion  of  the  curve  does  not  pass 
through  the  origin  shows  that  with  substances  in  this  state  a  cer- 
tain definite  pressure  must  be  exceeded  before  the  substance  will 
flow.7  This  definite  initial  friction  value  that  has  to  be  exceeded 
distinguishes  the  plastic  state  from  the  viscous  state.  The  ex- 
periments by  Bingham  support  the  definition  by  Maxwell  (Theory 
of  Heat)  that  a  plastic  body  is  one  in  which  the  body  is  found  to 
be  permanently  altered  when  the  stress  exceeds  a  certain  value. 
The  following  relation  between  certain  terms  is  given  by  Bingham 
and  Green: 

Solids  (including  plastic  materials):  Liquids. 

Rigidity  (R)  comparable  with Viscosity  (77) 

Mobility  (n)  comparable  with Fluidity  (0) 

-1  fl-I 

By  reference  to  Figure  1  the  terms  will  be  explained.  The 
slope  of  the  line  (a)  is  determined  by  the  fluidity  of  the  liquid, 
while  the  slope  of  line  (b)  is  determined  by  the  mobility  of  plastic 
material,  and  the  intercept  of  the  line  (6)  upon  the  pressure  axis 
is  determined  by  the  initial  friction  value  of  the  plastic  material. 
This  initial  friction  value  is  also  designated  as  yield  value.  Of 
two  clay  slips  of  equal  mobility,  the  one  having  the  higher  yield 
value  is  the  more  plastic,  while  of  two  clay  slips  of  equal  yield 
value,  the  one  having  the  higher  mobility  is  the  more  plastic.8 

Plastic  clay  in  the  form  of  a  cylinder  or  cube,  for  example,  will 
maintain  its  form,  provided  pressure  due  to  weight  does  not 
exceed  the  yield  value.  Once  the  yield  value  is  exceeded  the 
material  will  flow.  If  the  material  is  very  mobile  it  will  flow  with 
ease ;  if  not,  a  greater  pressure  will  be  required  to  keep  the  material 
in  motion.  These  two  factors,  mobility  and  yield  value,  may  be 
said  to  roughly  define  the  plasticity  of  a  substance. 

The  rate  of  flow  of  a  plastic  material  through  a  capillary  tube 
is  dependent  on  the  two  factors  of  plasticity,  namely,  mobility  and 
yield  value — the  dimensions  of  the  capillary,  and  the  pressure 

>  According  to  the  more  complete  theory  of  Buckingham,  there  can  always  be  flow,  due  to  slip  at  the 
lowest  pressures.  For  a  discussion  of  this  phase  of  the  subject,  see  Buckingham,  Proc.  A.  S.  T.  M.,  192 1, 
p.  115s. 

8  E.  C.  Bingham,  B.  S.  Sci.  Papers  No.  278;  1916. 
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applied.  Bingham  has  derived  an  equation  connecting  these  sev- 
eral factors  and  based  on  the  following  assumptions :  (i)  That  the 
rate  of  shear  in  a  given  plastic  material  is  proportional  to  the 


Fig.  i. — Diagrammatic  illustration  of  the  difference  between  plastic  and  viscous  flow. 
Ordinates  are  flow  values,  abscissas  are  pressures. 

excess  of  shearing  stress  over  a  constant  yield  value,  below  which 
the  material  behaves  as  a  solid,  (2)  no  end  effect  at  the  entrance 
of  the  tube,  and  (3)  no  slip  or  seepage. 
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The  equation  of  the  straight  line,  on  the  assumption  that  the 
phenomena  are  not  complicated  by  slip,  seepage,  or  end  effects,  is:9 


V  =  tt  p  R3 

t  "        4 


HO 


(I) 


V 


Where  —  =  flow  in  cc  per  second. 


fj,  =  mobility. 

/  =  yield  value,  dynes/cm.2 

S  =  shearing  stress  at  the  wall  of  capillary  in  dynes/cm.2 
R  =  radius  of  capillary,  cm. 

But  as  the  shearing  stress  S  has  the  following  relation  to  the 
pressure  P: 

PR 


S  = 


2h 


Where  P  =  pressure  in  grams/cm.2 
L  =  length  of  capillary,  cm. 

Then  by  rearranging  the  terms  in  equation  (i)  we  obtain  the  fol- 
lowing equation: 

(2) 


irR3t 


(S-fO 


Let  Y  = 


ttRH 


if 


Q        PB 

J'  a 


Since  the  mobility  is  a  constant  of  the  material  and  by  equation 


(2),M  = 


Y 


3' 


then  the  ratio 


Y 


S-±f 

3 


is  constant  for  any  given  plastic 


8  For  the  derivation  of  this  equation  from  Bingham's  hypothesis,  see  Buckingham,  Proc.  A.  S.  T.  M.,  1931, 
p.  1155;  or  Bingham,  Fluidity  and  Plasticity,  1922,  pp.  223-225. 
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substance  and  Y  is  a  straight-line  function  of  S.  If  Bingham's 
assumptions  are  correct,  then  by  plotting  the  factor  Y  against  S 
for  a  particular  substance,  using  several  different  sized  capillaries, 
all  of  the  resulting  straight  lines  should  coincide  and  the  two 
constants,  mobility  and  yield  value,  will  be  independent  of  the 
dimensions  of  the  capillary.10 

This  theory  is  correct  for  paints  and  for  some  very  fine-grained 
fat  clays,  but  does  not  hold  true  for  coarse-grained  lean  clays. 
Experimental  data  showing  this  to  be  true  for  several  clays  are 
presented  in  Figures  2,  3,  4,  and  5. 

Experimental. — In  order  to  determine  whether  or  not  this 
theory  applies  to  observations  on  clay  slips,  it  was  necessary  to 
use  several  different  capillaries  with  the  same  slip  and  then  com- 
pare the  results  obtained  with  the  different  capillaries.  As  water 
content  is  a  very  important  factor  in  determining  the  consistency 
of  a  clay  slip,  it  is  necessary  to  give  this  factor  with  every  determi- 

nation.     The  factor  —  is  used  for  this  purpose  and  denotes  the 

ratio  of  water  to  clay  by  weight.  Time  is  also  a  factor  in  determin- 
ing the  consistency  of  a  clay  slip  and  this  was  kept  constant  by 
carrying  out  the  plastometer  tests  three  days  after  the  slip  was 
made. 

Preparation  of  Samples. — In  making  up  the  slip  the  water 
and  clay  were  weighed  and  mixed  and  the  slip  pressed  through 
a  1 50-mesh  screen  in  order  to  remove  the  grit  that  might  clog  up 
the  capillaries.  The  slip  was  put  into  an  air-tight  container  and 
allowed  to  stand  for  three  days.  The  consistency  of  a  clay  slip 
changes  during  the  first  two  days,  probably  due  to  the  swelling 
of  the  gel  colloids.  The  consistency  changes  more  in  the  first  day 
than  later  periods.  The  sample  was  again  stirred  and  part  of  it 
was  placed  in  the  container  of  the  plastometer  for  testing.  Volume 
discharge  through  one  capillary  at  several  pressures  was  deter- 
mined and  these  results  checked  and  then  tabulated.  The  capil- 
lary was  changed  and  this  procedure  was  followed  using  several 
other  capillaries.  All  of  the  determinations  on  one  slip  must  be 
made  in  one  day  because  of  the  effect  of  time  on  the  consistency 
of  the  slip. 

10  This  method  of  analysis  of  the  plastometer  results  was  suggested  by  Dr.  E.  Buckingham,  of  the  Bureau 
of  Standards. 
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By  reference  to  Figure  2  we  see  that  the  results  on  the  same  slip 
using  different  capillaries  are  not  the  same  and  the  straight  por- 
tions of  the  curves  do  not  coincide.  Only  a  few  of  the  results  of 
tests  on  the  English  china  clay  are  presented  here.  Tests  on  three 
slips  of  the  English  china  clay  are  shown,  using  two  capillaries  in 
one  case  and  three  in  the  other  two  cases.  Thus  we  see  that  in 
the  case  of  the  English  china  clay  there  is  some  effect  or  effects 
coming  in  which  were  not  taken  into  consideration  by  Bingham 
in  the  development  of  equation  (1). 

By  reference  to  Figure  3  we  see  that  in  the  case  of  the  English 
ball  clay,  that  with  a  high  water  content  the  deviation  is  not  great 
and  is  within  the  limit  of  experimental  errors.  As  the  water 
content  decreases  the  results  deviate  considerably,  as  is  shown  by 
the  two  curves  on  the  right  of  the  figure.  This  deviation  is  too 
great  to  assume  that  it  is  due  to  experimental  errors.  There  are 
other  effects  coming  in  that  were  neglected  in  the  theory.  Figure 
4  shows  the  results  of  tests  carried  out  on  D.  B.  Georgia  kaolin. 
We  see  that  in  this  case  we  also  have  a  deviation  of  facts  from 
theory.  In  Bingham's  original  assumptions,  on  which  he  based 
his  theory  of  plastic  flow  through  capillary  tubes,  no  account  was 
taken  of  an  end  effect.  This  end  effect  we  believe  is  the  cause  of 
the  deviations  between  facts  and  theory.  Small  end  effects  are 
noticeable  in  the  case  of  viscous  substances  when  they  are  tested 
in  a  viscometer  with  short  capillaries  and  are  caused  by  shearing 
of  the  liquid  before  entrance  into  tube.  Similar  but  much  larger 
end  effects  occur  with  clay  slips,  especially  with  the  lean  clays. 
In  the  case  of  the  clay  slips  it  becomes  greater  as  the  water  con- 
tent is  decreased.  It  is  less  in  the  case  of  the  more  plastic  clays, 
and  this  may  be  due  to  the  fact  that  these  clays  have  a  higher 
colloidal  content  and  this  colloidal  material  acts  as  a  lubricant 
between  the  larger  particles. 

By  assuming  that  this  end  effect  is  equal  to  a  resistance  which 
would  be  produced  if  the  capillary  tube  were  made  longer,  we  are 
able  to  reduce  these  deviations  in  some  cases.  One  example  of 
this   is   shown   in   Figure   5.     The   same   values   uncorrected  are 

shown  in  Figure  4.     The  ratio  7,  is  increased  by  adding  a  constant 

to  the  ratio  -~  for  both  tubes,  and  the  curves  are  made  to  coincide. 
K 

By  reference  to  Figure  5  we  see  that  this  constant  increases  as  the 
water  content  decreases.     In  other  words,  the  end  effect  is  greater 
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Fig   a. — Tests  carried  out  on  English  china  clay  with  different  capillaries  at  three  concentrations. 
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with  lower  water  content.  We  have  not  been  able  to  reduce  all 
of  these  results  by  this  assumption.  The  values  shown  in  Figure 
2  can  not  be  reduced  to  identical  values  by  this  assumption. 
There  seem  to  be  other  effects  coming  in  which  are  not  accounted 
for  by  Bingham's  original  assumption. 

It  is  Bingham's  contention  that  the  slope  of  the  straight  line 
portion  of  the  pressure-flow  curve  is  determined  by  the  mobility 
of  the  material  tested  and  that  the  intercept  of  this  line  on  the  pres- 
sure axis  is  determined  by  the  yield  value  of  the  material.  We 
believe  that  in  the  case  of  these  clays  an  end  effect  affects  both  the 


Fig.  5. — Effect  of  increasing  the  ratio  ~     The  uncorrected  values  are  shown  in  Fig.  4. 

slope  and  intercept  of  the  plastometer  curves.  Therefore,  the  slope 
and  intercept  of  the  pressure-flow  curve  will  not  give  us  the  values 
of  the  mobility  and  yield  value  of  a  plastic  material  unless  the  end 
effect  and  slip  can  be  evaluated  or  eliminated.  Thus  far  we  have 
not  been  able  to  do  either.  In  fact,  it  is  not  reasonable  to  assume 
that  all  plastic  substances  will  act  alike  when  tested  in  the  plasto- 
meter, and  the  opposite  assumption  is  supported  by  the  fact  that  the 
results  of  L,.  Livshis11  show  that  cooking  fats  do  not  act  as  paintswhen 
tested  in  the  plastometer  and  that  the  results  of  Porst  and  Mosko- 
witz  l2  with  corn-product  starches  are  not  entirely  consistent  with 
Bingham's  equations.    In  the  case  of  cooking  fats  there  seems  to  be 


11  Unpublished  manuscript  of  L.  Livshis 


13  J.  Ind.  and  Eng.  Chem.  14,  No.  1. 


Haii]  Plasticity  of  Clays.  361 

an  end  effect  that  affects  the  slope  and  intercept  of  the  pressure-flow 
curves.  Bingham's  13  observations  on  clay  slips  can  not  be  reduced 
to  absolute  values  by  using  the  equations  which  he  later  derived 
for  paints. 

While  we  have  not  been  able  to  reduce  the  observations  on  clay 
slips  to  absolute  values  or  values  independent  of  the  capillary,  we 
have  obtained  some  interesting  information  by  using  one  capillary 
with  several  slips  and  then  comparing  the  results.  Figures  6,  7, 
8,  and  9  show  these  results. 

We  will  not  consider  yield  value  and  mobility,  for  we  have  not 
been  able  to  determine  these  values  for  clay  slips.  We  will  con- 
sider the  slope  and  intercept  of  the  pressure-flow  curves  as  obtained 
by  the  use  of  the  Bingham  plastometer.  Given  some  particular 
clay  and  capillary  we  can  vary  the  slope  and  intercept  of  the 
pressure-flow  curve  by  varying  the  water  content  of  the  clay  slip 
that  is  to  be  tested,  but  for  a  given  clay  we  can  not  alter  the  func- 
tional relation  between  the  slope  and  intercept.  This  was  illus- 
trated in  Figures  2,  3,  and  4.  Figure  6  shows  the  result  of  vary- 
ing the  water  content  of  several  clay  slips  until  the  intercept  of 
pressure-flow  curves  is  the  same,  using  the  same  capillary  in  every 
case.  The  slopes  of  the  straight  line  portions  of  the  pressure-flow 
curves  vary  over  a  wide  range.  It  is  our  belief  that,  the  inter- 
cept being  the  same,  the  clay  giving  the  steepest  slope  will  be 
the  more  plastic.  According  to  this  idea  of  plasticity  the  relative 
plasticities  of  the  several  clays  shown  in  Figure  6  are  as  follows: 

English  ball  clay  (most  plastic) . 

Tennessee  ball  clay. 

Kentucky  ball  clay. 

Florida  plastic  kaolin. 

South  Carolina  kaolin  No.  1. 

South  Carolina  kaolin  No.  2  (least  plastic  of  series). 

Figure  7  shows  the  effect  of  varying  the  water  content  until  the 
slopes  of  the  pressure-flow  curves  are  the  same,  using  the  same 
capillary  in  every  case.  The  order  of  relative  plasticity  in  this 
case  is: 

English  ball  clay. 

Tennessee  ball  clay. 

Kentucky  ball  clay. 

Figure  8  shows  the  results  of  observations  on  mixtures  of  clay 
and  bentonite,  and  clay  and  flint.     Bentonite  is  a  hydrous  alumi- 

13  E.  C.  Bingham,  B.  S.,  Sci.  Papers,  No.  278;  1916. 
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num  silicate  in  a  very  finely  divided  state.  When  bentonite  is 
added  to  English  china  clay  the  value  of  the  intercept  is  increased 
and  the  slope  of  the  pressure-flow  curve  is  changed  very  little. 


200  400  600  600  1000 

PRESSURE    GRAMS/CM2 

Fig.  7. — Comparison  of  different  clay  slips  using  the  same  capillary. 
The  concentration  has  been  varied  until  the  pressure-flow  lines  have  approximately  the  same  slope. 

In  other  words,  the  bentonite  increases  the  plasticity  of  the  china 
clay.  The  addition  of  bentonite  to  a  lean  clay  increases  the 
colloidal  content  of  the  mixture  and  at  the  same  time  increases  the 
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plasticity  of  the  material.  The  addition  of  flint  has  the  opposite 
effect.  This  is  shown  in  Figure  8,  where  an  addition  of  10  and  15 
per  cent  flint  decreases  the  value  of  the  intercept. 


£>j 
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200  400 
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500  1000  /200 


PRESSURE  CRAMS /CM1 

Fig.  8. — Effect  of  adding  plastic  and  nonplastic  material  to  an  English  china  clay  slip. 

Figure  9  shows  the  result  of  adding  certain  reagents  to  clay 
slips.  Acids  are  known  to  flocculate  clays  while  alkalies  defloc- 
culate  clays.  Alum  acts  like  an  acid  in  this  respect  and  we  see 
that  the  addition  of  alum  to  a  slip  increases  the  intercept,  or,  in 
other  words,  increases  the  plasticity,  since  the  slope  is  about  the 
same  as  without  the  alum ;  alkalies  have  the  opposite  effect,  as  is 


Hall] 


Plasticity  of  Clays. 


365 


shown  by  the  figure.  The  addition  of  certain  organic  colloids, 
such  as  hot  starch,  gum,  tannin,  and  gelatin  to  a  clay  slip  reduces 
the  value  of  the  intercept  and  causes  the  slope  of  the  pressure 
flow  curve  to  be  steeper.     This  action  is  shown  in  Figure  9. 


400 


/ooo 


/too 


PRESSURE   GRAMS /CM'- 


Fig.  9. — Effect  of  adding  flocculating  and  deflocculating  agents  to  an  English  china  clay 

slip. 

IV.  CONCLUSIONS. 

It  is  evident  in  surveying  the  methods  brought  forward  for 
measuring  this  fundamental  property — plasticity — that  none  of 
the  methods  is  entirely  satisfactory.  It  seems  that  plasticity 
is  a  resultant  of  two  factors  or  perhaps  more. 
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If  it  be  true  that  plasticity  is  determined  by  two  or  more  elements 
or  components,  then  in  comparing  the  relative  plasticity  of  several 
clays  it  is  necessary  to  have  all  but  one  of  the  components  con- 
stant and  the  plasticity  will  vary  in  some  manner  with  this  one 
component.  This  was  illustrated  when  dealing  with  the  Bingham 
method. 

With  most  of  the  methods  it  is  very  difficult  to  obtain  concord- 
ant results.  On  account  of  the  heterogeneity  of  the  system  clay- 
water  it  is  very  difficult  to  formulate  mathematical  equations  that 
will  satisfy  the  observations. 

The  Bingham  plastometer  enables  us  to  detect  slight  changes 
of  consistency  in  clay  slips.  We  believe  we  are  able  to  determine 
roughly  the  relative  plasticities  of  clays  when  comparing  plas- 
tometer curves  over  the  same  range  of  flow  and  with  the  same 
capillary,  but  the  results  are  not  independent  of  the  dimensions 
of  the  capillary  used.  Thus  the  results  are  empirical  and  are 
comparable  only  when  they  are  obtained  with  the  same  capillary. 

It  is  highly  probable  that  with  the  use  of  some  other  type  of 
plastometer  (other  than  capillary-tube  type)  that  absolute  values 
of  the  two  plasticity  components  could  be  determined  but  with  the 
capillary-tube  type  of  plastometer  the  case  is  complicated  by  the 
presence  of  such  phenomena  as  slippage,  end  effects,  etc. 

The  writer  wishes  to  express  his  indebtedness  for  advice  in  this 
work  to  Dr.  E.  Buckingham,  of  the  Bureau  of  Standards. 

TABLE  1. — Dimensions  of  Capillaries  Used. 


Number. 

Average 

radius  '  in 

centimeters 

at22°C. 

Length  in 

centimeters 

at  22°  C. 

Number. 

Average 

radius  ■  in 

centimeters 

at  22°  C. 

Length  in 

centimeters 

at  22°  C. 

1.1     

0.  03794 
. 12897 
.03894 
. 05492 
.  05857 
.06118 

4.864 
5.163 
4.419 
5.029 
4.612 
3.857 

4                           0. 04547 

5  . 12754 
Y                                                        .10662 

3.856 

2.1   

16.  705 

3.1 

12.509 

5  1 

6.i± 

.  05874 
.  07563 

9.001 

6.1               

L 

11. 620 

3   

1  Calculated  from  major  and  minor  axes  of  tube;  cf.  Zeitschr.  f.  physik.  chem.,  80,  p.  683;  191a. 

Washington,  November  4,  1922. 


THERMAL  STRESSES  IN  STEEL  CAR  WHEELS. 

By  George  K.  Burgess  and  G.  Willard  Quick. 


ABSTRACT. 

Nineteen  steel  wheels  were  tested  by  using  the  method  described  for  testing  chilled 
iron  car  wheels  in  the  laboratory  under  conditions  approximating  those  encountered 
in  service  caused  by  heavy  brake  application.1  The  rims  of  the  wheels  were  heated 
to  a  temperature  of  3800  C.  by  passing  an  electric  current  through  a  band  of  soft  steel 
encircling  the  wheel.  The  resulting  stresses  were  calculated  from  strain-gage  meas- 
urements after  correcting  for  thermal  expansion.  Eight  worn  wheels  and  n  new 
wheels,  representing  five  types  of  manufacture,  were  tested  and  none  failed  in  the 
tests.  As  a  result  of  heating  the  rim,  the  hub  moved  with  respect  to  the  rim,  induc- 
ing tensile  stress  on  the  face  and  compression  on  the  back  near  the  hub.  Near  the 
rim  the  stresses  were  in  compression  on  the  face  and  in  tension  on  the  back  except 
for  worn  wheels,  where  no  stress  was  induced  on  the  face.  The  maximum  surface 
stresses  developed  were  slightly  above  the  yield  point  of  the  material,  producing  a 
permanent  set  for  first  tests  on  new  wheels,  while  no  set  resulted  from  tests  on  old 
wheels  or  in  succeeding  tests  on  new  wheels.  Data  are  also  given  on  the  properties 
of  the  wheels  tested. 
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I.   INTRODUCTION. 

In  1920  a  conference  of  representatives  of  several  manufacturers 
and  purchasers  of  steel  car  wheels  was  held  at  the  Bureau  of 
Standards  to  discuss  plans  for  conducting  an  investigation  of 
thermal  stresses  developed  in  the  plates  of  steel  wheels  caused  by 
heating  the  tread  in  a  manner  approximating  service  conditions. 

1  B.  S.  Tech.  Paper  No.  209:  Thermal  Stresses  in  Chilled  Iron  Car  Wheels. 
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Experienced  railway  men  say  that  the  tread  becomes  heated  to  a 
dull  red  on  long,  heavy  grades  by  the  application  of  brake  shoes. 
It  was  agreed  at  the  conference  that  it  would  be  of  general  interest 
and  of  value  to  the  steel-wheel  industry  to  investigate  these 
stresses,  the  plan  being  to  conduct  the  tests  in  a  manner  identical 
with  the  procedure  followed  in  the  investigation  of  thermal 
stresses  in  chilled-iron  car  wheels  with  some  additional  tests  on 
steel  wheels  at  as  high  a  temperature  as  possible  with  the  special 
equipment  and  including  a  survey  of  the  stresses  induced  in  the 
back  of  the  plate. 

Other  problems  present  themselves  in  connection  with  the 
subject  of  stress  caused  by  brake  application — as  the  effect  of 
speed,  shoe  pressure,  and  length  of  application  in  producing 
thermal  stresses.  At  Purdue  University  an  investigation  of  these 
problems,  with  the  wheels  revolving  while  a  brake  shoe  is  held  in 
contact  with  the  treads,  is  in  progress.  In  the  investigation  at  this 
bureau  the  manner  in  which  thermal  stresses  build  up  in  wheels, 
the  magnitude,  nature,  and  location  of  stresses  have  been  studied. 

II.    MATERIALS    INVESTIGATED. 
1.   WHEELS  AND   METHODS  OF  MANUFACTURE. 

The  wheels  used  in  the  tests  were  33 -inch  steel  car  wheels, 
representing  the  product  of  6  different  plants  and  representative 
of  5  methods  of  manufacture  in  current  use.  Eight  worn  wheels  2 
representing  the  product  of  4  different  plants,  2  new  wheels 
furnished  by  each  of  4  different  manufacturers,  1  new  wheel  and 
2  "freak"  wheels  from  another  mill,  made  a  total  of  19  wheels 
upon  which  1  or  more  series  of  measurements  were  made.  The 
manufacturers  cooperating  have  been  designated  by  the  letters 
U,  V,  W,  X,  Y,  and  Z.  Table  1  shows  more  clearly  the  status  of 
the  wheels  used,  including  a  brief  description  of  the  methods  of 
manufacture. 

Figures  2  to  7,  inclusive,  are  drawings  of  sections  of  the  wheels 
of  each  manufacturer.  Figures  8a  and  9a  are  photographs  of  a 
rolled-steel  wheel  and  a  cast-steel  wheel,  respectively. 

1  Furnished  by  the  Pennsylvania  Railroad. 
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Manufacturer. 

Number  of  wheels. 

Method  of  manufacture. 

New. 

Old. 

Total. 

TJ 

2 
2 

2 
2 

2 
2 

4 
4 

4 

2 
3 

Forged  and  rolled  from  an  individual  ingot. 

V 

22  by  22  inch  ingot  rolled  into  15-inch  round,  which 

W 

is  sheared  into  blanks.    The  blanks  are  forged 
and  rolled  into  wheels. 
Ingot  rolled  into  plates  from  which  biscuits  are  cut. 

X 

2 

2 
13 

These  biscuits  are  forged  and  rolled  into  wheels. 
Cast  in  a  revolving  mold.    First  part  of  pour  is  high 

Y 

in  Mn,  forming  the  tread,  while  low-carbon  steel 
forms  plate  and  hub. 
Same  procedure  as  manufacturer  V. 

Z 

90-inch,  12-sided,  fluted  ingot  with  sand-lined  sink 

head  is  cut  cold  into  blocks  of  proper  weight.   These 
blocks  are  heated  in  a  continuous  furnace,  after 
which  they  are  forged  and  rolled  into  wheels. 

Total 

11 

2  8 

19 

1  One  standard  design,  one  thin  plate,  and  one  with  straight  plate. 

2  Furnished  by  Pennsylvania  Railroad. 

III.   TESTS. 


1.  PROCEDURE  FOR  SPECIAL  THERMAL  STRESS  TESTS. 

The  equipment  and  test  methods  used,  described  below,  are  the 
same  in  part  as  given  in  the  paper  on  Thermal  Stresses  in  Chilled 
Iron  Car  Wheels. 

In  the  special  thermal  stress  tests  the  wheel  was  mounted  on 
a  hollow  water-cooled  6-inch  axle.  The  axle  in  turn  rested  upon 
cast-iron  and  concrete  supports,  so  that  the  bottom  of  the  wheel 
was  2  feet  8  inches  above  the  floor.  A  soft-steel  resistor  3  %  inches 
in  width  and  one-fourth  inch  in  thickness  was  placed  on  the  tread 
of  the  wheel,  but  insulated  from  it  by  a  thin  sheet  of  perforated 
asbestos,  and  an  alternating  current  of  1,000  to  1,500  amperes  at 
15  to  30  volts  from  a  30-kva.  transformer  was  passed  through  it. 
As  the  wheel  was  in  an  upright  position  and  remained  stationary 
throughout  the  test,  it  was  readily  possible  to  take  such  observa- 
tions as  necessary.  Figure  1  shows  the  arrangement  of  this  ap- 
paratus. It  was  found  possible  to  bring  the  resistor  itself  to  a  red 
heat  within  5  to  10  minutes.  Undue  radiation  of  heat  into  the 
air  was  prevented  by  the  use  of  asbestos  covering.  The  tread  of 
the  wheel  attained  a  maximum  temperature  of  approximately 
3800  C.  (7160  F.)  in  each  run. 

In  order  to  interpret  the  results  of  these  tests,  it  was  necessary 
to  determine  satisfactorily  the  distribution  of  temperature  in  the 
wheel  from  tread  to  hub.  Copper-constantan  thermocouples  of 
No.  30  American  gage  wire  were  used — seven  couples  along  a 
vertical  radius  at  approximately  2-inch  intervals  and  seven  others 
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similarly  located  along  the  horizontal  radius.  Readings  were 
taken  along  both  radii  for  the  purpose  of  obtaining  duplicate 
results.  Two  other  thermocouples  were  inserted  into  the  tread 
of  the  wheel.  Thus,  four  couples,  one  at  the  gap  in  the  resistor, 
were  placed  at  equidistant  points  in  the  tread  of  the  wheel  and 
assurance  given  that  uniformity  of  tread  temperatures  was 
attained.  The  16  copper-constantan  thermocouples  can  be  seen 
in  Figure  i,  extending  from  the  wheel  to  the  overhead  supports 
and  then  down  to  the  potentiometer  on  the  transformer  table. 

A  2-inch  Berry  strain  gage  was  used  for  measuring  the  deforma- 
tions. Five  sets  of  readings  were  taken  at  i-inch  intervals  on  the 
vertical  and  horizontal  radii  on  both  the  face  and  back  of  the 
plate.  On  some  wheels  it  was  possible  to  take  six  sets  of  strain- 
gage  readings.  It  will  be  observed  that  these  readings  were  taken 
over  considerable  area,  this  being  the  only  manner  of  satisfactorily 
determining  the  location  of  the  point  of  maximum  stress.  A  better 
understanding  of  the  location  of  the  points  at  which  strain  gage 
and  thermocouple  readings  were  taken  can  be  obtained  from 
Figure.  10. 

It  was  necessary  to  take  a  survey  of  the  stresses  only  along  the 
radii  of  the  wheels,  since  preliminary  measurements  had  shown 
that  the  tangential  stresses  were  of  a  compressive  nature  and  of 
relatively  small  magnitude. 

Identical  rates  of  power  input  were  maintained  for  each  test 
in  order  to  obtain  comparative  results.  It  was  necessary  to  in- 
crease the  power  input  near  the  end  of  the  test  to  attain  the 
desired  tread  temperature  in  a  comparatively  short  time. 

Table  4  in  Bureau  of  Standards  Technical  Paper  No.  209  shows 
the  schedule  of  power  supplied  to  the  resistor  for  all  the  tests.  The 
energy  applied  per  minute  during  the  different  periods  of  the 
test  was  as  follows : 

Foot-pounds 
per  minute. 

First  half  hour 570, 000 

Second  half  hour 690, 000 

Third  half  hour 770,  000 

Fourth  half  hour 797,  000 

Table  5  of  the  same  paper  gives  an  approximate  comparison 
between  the  work  performed  on  the  test  wheel  and  the  energy 
required  to  hold  a  train  at  a  constant  speed  on  descending  grades. 

However,  the  actual  test  conditions  were  more  severe  than 
these  figures  indicate  on  account  of  the  difference  in  the  heat 
dissipation  in  the  two  cases.  In  these  tests  the  resistor  completely 
encircled  the  wheel  and  was  thermally  insulated  to  drive  the  heat 
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into  the  wheel.  Under  these  conditions  a  larger  percentage  of 
the  energy  supplied  to  the  resistor  entered  the  wheel  than  would 
be  the  case  when  the  same  wheel  is  subjected  to  brake  application, 
as  occurs  in  service,  due  to  the  fact  that  part  of  the  energy 
spent  by  friction  between  the  shoe  and  wheel  goes  to  heating 
the  brake  shoe  and  thence  by  radiation  to  the  air,  and,  further,  the 
shoe  only  bears  on  a  small  part  of  the  circumference,  thus  allowing 
the  heat  in  the  uncovered  part  of  the  tread  to  radiate  directly 
into  the  air  instead  of  entering  the  wheel. 

Readings  were  taken  of  the  temperature,  strain,  and  power  input 
at  regular  intervals,  a  strain-gage  reading  of  the  cold  wheel  being 
also  taken  before  the  test  was  started.  When  the  desired  tread 
temperature  was  reached,  the  power  was  shut  off  and  the  asbestos 
covering  on  the  resistor  removed  to  permit  more  rapid  dissipation 
of  the  heat.  Temperature  and  strain  gage  readings  were  also 
taken  during  cooling  and  after  the  wheel  was  at  room  temperature. 

The  elongation  as  determined  by  the  strain  gage  is  attributable 
to  two  causes:  (1)  An  elongation  due  to  the  thermal  expansion 
of  metal,  and  (2)  elongation  caused  by  the  strain  due  to  the  tem- 
perature gradient  from  tread  to  hub  of  the  wheel.  By  knowing 
the  coefficient  of  expansion  and  the  temperature  rise  it  was  possible 
to  calculate  the  thermal  expansion.  By  deducting  the  elongation 
due  to  this  expansion  from  the  total  elongation  the  elongation  due 
to  stress  alone  was  determined.  The  relation  between  stress  and 
strain  on  samples  actually  taken  from  the  wheels  made  it  possible 
to  convert  the  strain  readings  into  stress  values.3 

2.   AUXILIARY  TESTS. 

The  following  auxiliary  tests  were  made  in  order  to  interpret  and 
supplement  the  results  of  the  special  thermal  stress  tests. 

(a)  Linear  Thermal  Expansion. — The  coefficient  of  expan- 
sion of  specimens  taken  from  one  wheel  of  every  manufacturer 
was  determined  for  the  range  20  to  4000  C.  These  specimens 
from  the  rolled  steel  wheels  were  30  cm  long  and  1  cm  square.4 
The  specimens  from  the  cast-steel  wheel  (manufacturer  X)  were 
small  bullet-shaped  samples  1  cm  long  with  a  tripod  base.  One 
sample  was  taken  from  the  rim,  one  from  the  plate,  and  one  from 

»  The  accuracy  of  determinations  for  tests  are  discussed  in  the  paper  Thermal  Stresses  in  Chilled  Iron 
Wheels,  and  the  conclusion  is  that  the  probable  error  throughout  the  major  range  of  the  stress  measurements 
is  ±  3,000  lbs./in.2 

4  The  method  used  for  the  determination  of  expansion  of  these  samples  is  described  in  B.  S.  Sci.  Paper 
No.  352,  p.  390.  These  determinations  were  made  in  the  expansion  laboratory  under  the  direction  of  Dr. 
W.  H.  Souder. 
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the  hub.  These  samples  were  tested  by  a  special  optical  method.5 
The  differences  between  samples  from  rim,  plate,  and  hub  were 
so  slight  that  the  results  were  not  affected  by  them  for  the  tem- 
perature range  used  and  a  composite  equation  was  obtained. 
The  samples  from  the  wheels  of  manufacturers  cooperating 
showed  a  unit  expansion  represented  by  the  following  equations : 

Manufacturer  U  ~j  =  10.83  X  io-6*  +  7.53  X  io~V 
A/ 

Vy  =  10.67  x  10-6, + 7.65  x  10-y 

W  j  =  1 1 .37  X  io~*<  +  7.00 X  10-V 
X  T  =  1 1 .60  X  io-6,  +  8. 79  X  10-V 


/ 

M 


-9.2 


Y  j  =  10.67  X  10^  -I-  7.83  X  io-9i 

„  A/ 

Z  j  =  1 1 .04  X  io-6,  +  6. 70  X  10- V 

The  above  equations  were  computed  by  the  method  of  least 
squares  and  apply  for  the  temperature  range  between  o  and 
4oo°C. 

Table  2  shows  that  the  unit  expansion  of  the  different  steels 
as  calculated  from  the  above  equations  for  different  temperature 
ranges  agrees  well  within  the  precision  required. 

TABLE  2. — Comparison  of  Expansion  Equations. 


Temperature  range  (CC). 

Total  expansion,  in  inches  per  inch  calculated  by  equations 
from  manufacturers — 

for  steels 

U 

V 

W 

X 

Y 

Z 

Oto  50 

0. 00056 
.00116 
. 00179 
. 00247 
. 00318 
.  00393 

0. 00055 
.00114 
.00177 
.  00244 
.  00314 
.  00389 

0. 00059 
.00121 
.00186 
. 00255 
.  00328 
.00404 

0. 00060 
.00125 
. 00194 
. 00267 
.00345 
.00427 

0. 00055 
.00115 
.00178 
.00245 
. 00316 
.00391 

0. 00057 

Oto  100 

.00117 

Oto  150 

.  00181 

Oto  200 

.  00248 

Oto  250 

. 00318 

0  to  300 

.  00392 

(b)  Tensile  Properties. — The  tensile  properties  of  the  steels 
were  determined  on  two  8-inch  gage-length  specimens  taken  from 
the  plates  of  one  rolled-steel  wheel  of  manufacturers  U,  V,  W,  Y, 
and  Z,  while  2-inch  gage-length  specimens  were  taken  from  a 
wheel  of  manufacturer  X  because,  due  to  the  corrugated  plate,  it 

5  The  Use  of  the  Interferometer  in  the  Measurement  of  Small  Dilatations  or  Differential  Dilations.    C.  G. 
Peters,  Jour,  of  the  Washington  Acad,  of  Sci.,  9,  No.  10,  May  19,  1919. 
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was  impossible  to  obtain  8-inch  samples.  All  samples  were  pulled 
on  a  50,000-pound  Amsler  machine,  a  Ewing  extensometer  being 
used.  Figure  11  shows  the  composite  stress-strain  curves  ob- 
tained from  these  tensile  tests.  Table  3  gives  the  averaged 
results  of  the  tensile  tests. 

TABLE  3.— Tensile  Properties. 


Manufacturer. 


f?°"  .      v  \a    -.-„►  I    Ultimate 
"toS?*       Yield  point.,    strength. 


Modulus  of 
elasticity. 


Elongation  j  Elongation    Reduction 
in  2  inches,  in 8  inches.,     of  area. 


u 

Lbs./in.* 
46,100 
49,500 
38,400 
45, 200 
47,  000 
48,000 

V 

w 

X 

Y 

Z 

Lbs. /in.2 
52,100 

"  "43,466 

50,700 
53,300 
61,900 


Lbs.  in. - 
123,300 
119,500 
107, 000 
85,000 
122,000 
130,200 


Lbs./in.a 

29,000,000 

28,900,000 

29,600,000 
30,500,000 
29,600,000 
29,000,000 


Per  cent. 
13.5 
12.5 
13.8 
14.5 
11.2 
11.2 


Per  cent. 
9.8 

7.9 
10.5 


9.0 
7.8 


Per  cent. 
14.1 
13.6 
14.8 
23.6 
10.5 
13.9 


(c)  Chemical  Composition. — The  chemical  composition  of  one 
wheel  submitted  by  each  manufacturer  was  determined.  Drill- 
ings for  these  analyses  were  taken  from  the  plates  of  the  rolled- 
steel  wheels  of  manufacturers  U,  V,  W,  Y,  and  Z  about  midway 
between  the  hub  and  the  rim.  For  the  cast-steel  wheel  of  varying 
composition  10  drillings  were  taken  across  the  whole  diameter. 
Figure  1 2  shows  the  positions  from  which  the  drillings  were  taken. 
The  results  of  the  analyses  are  given  in  Table  4. 

TABLE  4. — Chemical  Composition  of  Wheels. 


Chemical  Analysis. 

Position 
number. 

Manufacturer. 

I 

Carbon. 

Sulphur. 

Phosphorus.  Manganese. 

Silicon. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

U 

3 

3 

3 

f                 1 

0.67 
.73 
.66 
.32 

0.019 
.015 
.014 
.025 

0.029 
.028 
.027 
.023 

0.77 
.73 
.67 

1.60 

0.19 

V 

.21 

w 

.17 

.29 

2 

.26 

.019 

.022 

1.15 

.29 

3 

.25 

.022 

.022 

.76 

.28 

4 

.18 

.018 

.019 

.72 

.28 

X 

5 

.20 

.015 

.021 

.69 

.24 

6 

.25 

.022 

.021 

7 

.20 

.022 

.020 

.68 

.28 

8 

.24 

.022 

.023 

.92 

.28 

9 

.21 

.021 

.020 

.86 

.27 

10 

.30 

.023 

.023 

1.66 

.29 

Y 

3 
3 

.77 
.75 

.032 
.026 

.032 
.019 

.69 

.66 

.16 

Z 

.25 

(d)  Hardness  Survey. — A  survey  of  radial  sections  of  the 
rolled  and  cast  type  of  wheel  was  made  for  Brinell  hardness. 
Impressions  were  made  at  i-inch  intervals  along  the  radius,  the 
first  one  being  about  one-eighth  inch  from  the  rim.  There  was 
very  little  variation  in  hardness  along  the  radial  section  of  the 
24838°— 23 2 
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rolled  wheels,  but  for  the  cast  wheel  the  hardness  varied  widely 
from  rim  to  hub.  These  wheels  were  hardest  near  the  rim  and 
softer  in  toward  the  hub,  with  a  position  quite  deficient  in  hard- 
ness at  the  middle  of  the  rim  where  shrinkage  holes  occurred. 
Figure  13  shows  the  variations  in  hardness  from  the  rim  toward 
the  hub  for  rolled  and  cast  wheels.  These  curves  were  obtained 
from  surveys  made  on  two  rolled  wheels  and  one  cast  wheel. 
Figures  8b  and  9b  are  photographs  of  radial  cross  sections  of  a 
rolled  and  cast  wheel,  respectively,  showing  the  spongy  section 
of  the  cast  wheel  where  the  Brinell  values  were  low. 

IV.   RESULTS    OF   THERMAL   STRESS   TESTS. 
1.   STRESSES  AND  TEMPERATURES. 

As  was  predicted  by  representatives  of  steel  wheel  manu- 
facturers, none  of  the  wheels  tested  failed  from  the  stresses  de- 
veloped during  the  tests. 

For  the  new  rolled-steel  wheels  of  regular  design  the  maximum 
stresses  developed  on  the  face  of  the  plate  were  in  tension  near 
the  hub  and  in  compression  near  the  rim,  while  on  the  back  of  the 
plate  the  conditions  were  reversed.  These  stresses  are  produced 
by  expansion  of  the  rim,  causing  the  hub  to  move  relative  to  the 
rim,  as  indicated  in  Figure  14.  The  relative  movement  of  the 
hub  was  determined  by  holding  a  3 -foot  straightedge  firmly 
against  the  machined  face  of  the  hub  and  measuring  the  distance 
from  the  flange  with  a  steel  scale.  The  average  movement  of  the 
hubs  of  the  standard-design  wheels  submitted  by  the  various 
manufacturers  (U,  V,  W,  X,  Y,  and  Z)  was  as  follows:  U,  0.08 
inch;  V,  0.07  inch;  W,  0.09  inch;  X,  0.07  inch;  Y,  0.09  inch; 
and  Z,  0.10  inch.  The  movement  of  the  hub  of  one  of  the  wheels 
used  for  the  high-temperature  run  (manufacturer  V)  was  0.09 
inch;  that  of  the  thin  plate  and  straight  plate  wheels  (manu- 
facturer Z)  were  0.10  and  0.04  inch,  respectively.  The  average 
maximum  temperature  difference  between  thermocouples  1  and 
7  was  2890  C.  (5520  F.). 

Of  the  two  special  wheels  furnished  by  manufacturer  Z  the 
one  with  a  thinner  plate  developed  stresses  similar,  but  of  some- 
what greater  magnitude,  to  those  developed  in  the  wheels  of  regular 
design.  The  tread  of  this  wheel  was  also  lighter  than  that  of  the 
regular  wheels.  Figure  6  is  a  sectional  drawing  of  this  special 
wheel.  The  stresses  developed  in  the  special  wheel  with  the 
straight  plate  were  in  tension  on  both  the  face  and  the  back  of 
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the  plate.  The  stresses  were  greatest  at  position  D  on  the  face 
of  the  plate.  On  the  back  of  the  plate  the  greatest  stresses  were 
at  position  A,  near  the  rim.  Figure  10  shows  these  positions 
along  the  radii.     Figure  7  is  a  sectional  drawing  of  this  wheel. 

For  the  worn  rolled  wheels  tested,  in  which  considerable  metal 
had  been  worn  from  the  tread,  as  shown  in  Figure  14,  the  stresses 
developed  on  the  face  of  the  plate  were  in  tension  near  the  hub 
and  gradually  diminished  to  practically  zero  at  the  rim,  while  on 
the  back  of  the  plate  the  stresses  were  of  about  the  same  nature 
and  magnitude  as  for  the  new  wheels.  The  neutral  axis  on  the 
face  of  the  old  wheels  is  shifted  from  position  C  out  toward  the 
rim,  as  shown  by  curves  on  Figures  16,  19,  and  21.  Figures  15, 
18,  and  30  are  curves  of  average  stresses  on  the  face  of  new  wheels, 
and  these  show  the  neutral  axis  to  be  near  the  center  of  the  radius. 
This  difference  for  worn  wheels  is  a  result  of  service  and  may  be 
due  to  the  work  on  the  tread,  static  loads,  impacts,  the  thinner 
tread,  or  a  combination  of  any  of  these  factors. 

In  the  tests  on  the  cast-steel  wheels  the  stresses  were  more 
complicated  because  of  the  nature  of  the  plate,  which  is  of  a 
corrugated  design.  Figures  23  to  27,  inclusive,  show  stress-time 
curves  for  different  positions  along  the  radius  on  both  face  and 
back  of  the  plate  on  the  crests  and  in  the  hollows  for  both  old 
and  new  cast-steel  wheels.  Figures  15  to  35,  inclusive,  show 
stress-time  curves  for  different  positions  along  the  radii  of  all 
wheels.  These  curves  are  the  average  stresses  of  the  horizontal 
and  vertical  radii  of  all  wheels  of  different  manufacturers  of  the 
same  type.  Thus,  curve  C,  Figure  15,  is  the  average  of  horizontal 
and  vertical  stresses  for  all  determinations  in  tests  on  all  new 
wheels  of  manufacturer  U  at  positions  C  and  /,  which  can  be 
located  on  Figure  10. 

From  the  first  test  on  new  wheels  a  permanent  set  was  observed 
on  the  surfaces  of  the  plates  at  positions  of  maximum  stress, 
indicating  that  the  material  was  strained  beyond  the  yield  point 
at  the  points  on  the  surface.  Table  5  gives  the  average  defor- 
mations on  the  vertical  and  horizontal  radii  for  each  position  A', 
A,  B,  etc.,  with  the  corresponding  maximum  stresses.  It  is  seen 
from  this  table  that  the  maximum  tensile  stresses  at  positions  E 
and,  in  some  cases,  at  positions  D  for  manufacturers  U,  V,  Y,  and 
Z,  were  above  the  yield  point,  and  the  corresponding  permanent 
deformations  were  greatest  at  these  points.  The  maximum 
compressive  stresses  approximated  the  yield  point  of  the  material, 
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and  the  permanent  deformations  are  smaller  than  those  corre- 
sponding to  the  maximum  tensile  stresses.  At  intermediate 
points  along  the  radii  where  the  stresses  were  not  as  high  as  the 
yield  point  the  deformations  are  relatively  small. 

The  results  from  the  first  tests  on  the  new  wheels  of  manu- 
facturer X  were  rather  irregular,  and  since  this  cast  wheel  had 
a  corrugated  plate  it  is  hard  to  account  for  these  results.  At 
position  E  the  stress  and  corresponding  permanent  deformations 
were  greatest,  being  similar  in  this  respect  to  the  rolled-steel 
wheels  of  regular  design.  At  some  other  places  along  the  radii 
the  stresses  and  deformations  are  not  consistent. 

TABLE  5. — Maximum  Stress  and  Permanent  Deformations  on  Face  of  New  Wheels. 

After  First  Test. 


Manufacturer. 


Tensile  properties. 


Propor- 
tional 
limit. 


Yield 
point. 


Posi- 
tions. 


Maximum 
stress. 


Perma- 
nent def- 
ormation. 


Z  (regular  design). 


Z  (thin  plate). 


Z  (straight  plate). 


Lbs./in.J 
46,100 


49, 500 


45,200 


47,000 


43,000 


48,000 


48,000 


Lbs./ln.* 
52,100 


50,700 


53,300 


61,900 


61,900 


61,900 


A' 
A 
B 
C 
D 
E 

A' 
A 
B 
C 
D 
E 

A' 
A 
B 
C 
D 
E 

A' 
A 
B 
C 
D 
E 

A' 
A 
B 
C 
D 
E 

A' 
A 
B 
C 
D 
E 

A' 
A 
B 
C 
D 
E 


Lbs./in.* 
-53, 200 
-8,700 
+26, 100 
+50,700 
+63,000 
+65,600 


-58,100 
-51,600 
+8, 700 
+58,100 
+66, 200 

+7,600 
-12,100 
-21,300 
-21,300 
+  6,100 
+51,000 


-48,300 
-8,900 
+  29,600 
+53,400 
+57,600 


-52,700 
-24,600 
+7,300 
+  46,000 
+68,800 


-57,300 
-26,100 
+  23,200 
+  58,400 
+  67,200 


+36,200 
+57,400 
+65,000 
+  62,800 
+  50,800 


Inches/ 
inch. 

-0.0006 

—.0001 

.0000 

.0000 

+  .0011 

+  .0013 


-.0008 
-.0006 
+  .0002 
+  .0005 
+  .0016 

+  .0001 
-.0001 
-.0006 
-.0010 
-.0004 
+  .0029 


-.0004 
-.0001 
-.0001 
+  .0002 
+  .0006 


-.0003 
-.0001 
-.0001 
-.0002 
+  .0010 


-.0001 
+  .0001 
+  .0001 
-.0001 
+  .0004 


-.0001 
+  .0001 
+  .0008 
+  .0006 
.0000 
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In  the  tests  on  both  the  special  thin-plate  and  straight-plate 
wheels  of  manufacturer  Z  the  permanent  deformations  of  ap- 
preciable magnitude  occurred  at  positions  where  the  maximum 
stress  approximated  or  exceeded  the  yield  point  of  the  steel. 
The  smaller  permanent  deformations  at  points  where  the  stress 
is  not  as  high  as  the  yield  point  may  be  caused  by  the  relieving 
of  strains  in  the  thermal  test  that  were  caused  by  the  manu- 
facturing process,  but  it  seems  evident  that  the  maximum  de- 
formations are  in  part,  at  least,  the  result  of  stresses  above  the 
yield  point  of  the  steel. 

In  succeeding  tests  on  new  wheels  and  in  all  tests  on  old  wheels 
there  were  no  permanent  deformations  noted,  showing  that  the 
stress  is  not  increased  beyond  the  yield  point  on  repeated  heating. 
The  tests  on  the  old  wheels  indicate  that  the  heating  they  had 
been  subjected  to  in  service  stressed  them  beyond  the  yield 
point  on  the  surface  of  the  plates  at  certain  positions  and  relieved 
any  manufacturing  strains,  rendering  these  wheels  in  the  same 
condition  as  new  wheels  after  the  first  thermal  test  in  this  in- 
vestigation. 

The  maximum  tread  temperature  ordinarily  reached  about 
3800  C.  in  90  minutes.  Special  tests  were  made  on  two  new 
rolled  wheels  and  one  new  cast  wheel  at  the  highest  temperature 
attainable  with  the  equipment,  about  500 °  C.  The  time  to  reach 
this  temperature  was  about  60  minutes  longer  than  was  required 
to  reach  3800  C.  in  the  regular  tests,  but  the  stresses  developed 
were  no  greater.  The  greater  strain  in  the  plate  appears  to  be 
offset  by  greater  expansion  due  to  the  higher  temperature,  thus 
giving  a  flat,  stress-time  curve  between  380  and  500°  C.  Figures 
36  and  37  are  stress- time  curves  showing  the  behavior  of  the 
stresses  on  the  face  and  back  of  the  plate,  respectively,  of  a 
new  rolled  wheel  of  manufacturer  A  during  a  test  at  higher  tem- 
perature. The  results  of  the  other  tests  at  higher  temperature, 
mentioned  above,  were  of  the  same  nature  as  those  given  in 
Figures  36  and  37. 

Figure  38  shows  time- temperature  curves  for  the  different 
thermocouple  positions  for  a  typical  series  of  observations. 

V.  SUMMARY  AND  CONCLUSIONS. 

Nineteen  33-inch  steel  wheels  have  been  tested  in  a  manner 
approximating  conditions  encountered  in  service  through  long 
applications  of  brakes  on  heavy  grades.     In  the  tests  the  rims 
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of  the  wheels  were  heated  electrically,  and  the  hubs  were  kept 
cool  by  passing  tap  water  through  the  hollow  axle  upon  which 
the  wheels  were  mounted.  The  maximum  tread  temperature 
was  about  3800  C.  in  regular  tests,  and  in  the  special  tests  a  max- 
imum temperature  of  about  5000  C.  was  attained.  From  observa- 
tions of  the  deformations  in  the  plates  of  the  wheels  the  stresses  have 
been  computed  after  correcting  for  thermal  expansion.  Six  manu- 
facturers furnished  new  wheels  representing  five  different  methods 
of  manufacture,  as  follows:  From  the  individual  ingot,  the  long 
ingot  cut  into  blanks,  the  12-sided  fluted  ingot  cut  into  blanks, 
the  ingot  rolled  into  a  slab  from  which  biscuits  were  cut,  and  the 
cast-steel  wheel  with  high  manganese  tread.  Eight  old  wheels 
manufactured  by  four  of  the  companies  were  also  tested.  The 
interesting  features  revealed  in  the  tests  may  be  summarized  as 
follows : 

1 .  None  of  the  wheels  failed. 

2.  When  the  rim  is  heated,  the  hub  moves  with  respect  to  the 
rim,  inducing  stresses  in  the  plate  which,  for  the  first  test  on 
new  wheels,  are  in  tension  near  the  hub  and  in  compression  near 
the  rim  on  the  face,  while  on  the  back  of  the  plate  the  stresses 
for  the  same  positions  near  hub  and  rim  are  about  equal  in  magni- 
tude but  reverse  in  nature  to  those  on  the  face. 

3.  For  worn  wheels  the  stresses  are  of  the  same  character, 
except  near  the  rim  on  the  face,  where  very  little  stress  is  found. 
This  difference  is  due  to  the  shifting  of  the  neutral  axis  on  the  face 
from  the  center  of  the  radius  toward  the  rim  and  is  caused  by 
conditions  of  service. 

4.  The  maximum  stresses  were  slightly  above  the  yield  point 
of  the  material  as  determined  in  tensile  tests. 

5.  A  permanent  set  was  apparent  only  for  new  wheels  on  the 
first  tests.  For  old  wheels  and  in  succeeding  tests  on  new  wheels 
there  was  no  set  apparent,  showing  that  the  stresses  above  the 
yield  point  were  not  increased  by  repeated  heating,  and  that  the 
old  wheels  had  been  rendered,  by  service,  in  a  condition  similar 
to  that  of  new  wheels  after  the  first  thermal  test. 

6.  For  forged  wheels  the  character  and  magnitude  of  the 
stresses  developed  in  the  surface  of  the  plate  are  little  affected 
by  the  method  of  manufacture.  The  stresses  developed  in  the 
cast-steel  wheels  were,  because  of  the  corrugated  plate,  more 
complicated  than  those  in  the  rolled  wheels. 
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The  bureau  is  undertaking  a  study  of  the  residual  stresses  in 
steel  car  wheels  from  the  manufacturing  processes.  In  this  work 
sections  are  being  sawed  from  the  wheels  and  stresses  so  relieved 
will  be  calculated  from  deformations  measured  with  a  strain  gage. 

The  authors  are  indebted  to  those  manufacturers  who  gener- 
ously furnished  wheels  and  made  valuable  suggestions  regarding 
tests  and  to  S.  J.  Rosenberg,  who  assisted  with  the  laboratory 
tests,  calculations,  and  made  the  drawings. 

Washington,  October  26,  1922. 
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Fig.  2. — Radial  sections  of  standard  wheels  of  manufacturers  U,  W,  and  Z. 
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Fig.  3.— Radial  section  of  standard  wheel  of  manufacturer  V. 
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FlG.  4. — Radial  section  of  standard  wheel  of  tnanufacturer  X. 
24838°— 23 3 
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FlG.  5. — Radial  section  of  standard  wheel  of  manufacturer  Y. 
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Fig.  6.— Radial  section  of  thin-plate  wheel  of  manufacturer  Z. 
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Fig.  7. — Radial  section  of  straight-plate  wheel  of  manufacturer  Z. 
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Fig.  8a. — Photograph  of  a  rolled-steel  wheel. 


Fig.  8b. — Photograph  of  a  section  of 
a  rolled-steel  wheel. 
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Fig.  9a. — Photograph  of  a  cast-steel  wheel. 


Fig.  9b. — Photograph  of  a  section  of  a  cast-steel 
wheel  showing  shrinkage  holes. 
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Fig.  10. — Locations  of  thermocouple  and  strain-gage  holes. 
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Fig.  12. — Position  of  drillings  from  the  casl-slcel  wheel  for  chemical  analysis. 
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13. — Variations  in  Brinell  hardness  from  the  run  toward  the  hub  for  the  rolled  and 

cast  steel  wheels. 
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Fig.  14. — Cross  section  showing  nature  and  location  of  the  maximum  surface  stresses 
induced  in  new  and  worn  wheels. 
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of  manufacturer  W. 
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Fig.  32. — Stress-time  curves  showing  average  stresses  developed  on  face  of  a  new  thin-plate 

wheel  of  manufacturer  Z. 
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plate  wheel  of  manufacturer  Z. 


Burgess! 
Quick    J 


Thermal  Stresses  in  Steel  Car  Wheels. 


401 


1 

1 

1 

1 

i 

1 

1 

/ 

/! 

j 

/ 

y 

/  ! 

' 

/    / 

1 

1 

'    / 

1 

/ 

r 

1 

( 

' 

/ 

1 

/ 

/ 

; 

'    1 

1 

/ 

/ 

1 

\ 

\ 

/ 

J» 

/ 

j 

\ 

^ 

/ 

0' 
v. 

V 

< 

In 

/ 

7^ 

/ 

/ 

1 

/ 

/ 

i 

/ 

\ 

\ 

I 

/ 

/ 

\ 

\ 

/   / 

\ 

u 

f  / 

1 

\ 

J 

/ 

' 

/ 

iv_ 

/ 

/ 

/ 

\ 

J 

/, 

,/ 

X 

1 

1 

i 

Ao 

IK 

IX 

in: 

) 

j 

\ 

\ 

r 

1 

"" ^ 

\ 

\ 

( 

\ 

V 

\ 

\ 

1 

J 

\ 

■ 

/ 

\ 

/ 

L- 

1 

/ 

r 

• 

I 

1 

1 

1 

1 

T~ 

j 

1 

1 

/ 

1 

V 

-i 

\ 

! 

r 

' 

, 

\ 

/ 

\    ' 

^_ 

\ 

7^ 

\ 

s 

\ 

/ 

°\ 

\ 

\ 

\ 

1 

s 

\ 

u. 

' 

■ 

\ 

t 

k. 

\ 

\" 

/' 

\ 

k 

N 

* 

/ 

^ 

s 

v\ 

'| 

1 

\s 

\ 

1 

sA 

1 

t 

N 

1 

t 

?     i 

!       s 

) 

i 

3 

c 

-J 

A 

0 

t 

' 

: 

0         a 

£5  £ 


2  * 


<J 


4 


•ft. 


<Q 


Hoiewax  HoiseaaaHoo 

hi  »e  aad  saunod 


402 


Technologic  Papers  of  the  Bureau  of  Standards.       [Vol.  i7 


I 


V 


t 


% 


:N 


^ 


z 


\ 


\ 


■\ 


Vi 


-1 


& 


fe 


? 


9- 


i 


:Z 


<j 


2S 


^ 


to 


HoiecaadwoD 


Hi  oc  aad  caunod 


Burgess! 
Quick    J 


Thermal  Stresses  in  Steel  Car  Wheels. 


403 


360 

/ 

360 

J 

'    > 

— 

/ 

\ 

340 

/ 

\ 

t 

' 

V 

3Z0 

/ 

\ 

/ 

\ 

/ 

\ 

/ 

\ 

ZOO 

/ 

^ 

\ 

/ 

\ 

\ 

Z60 

1 

\ 

& 

/ 

, 

\ 

\ 

<v    740 

/ 

/ 

\ 

V 

V 

/ 

.1 

-\ 

\ 

(j  zzo 

1 

\ 

V 

18 

/ 

1 

\ 

s 

\ 

S;  zoo 

/ 

/ 

\ 

/ 

j 

/ 

\ 

1 

vj   180 

1 

/ 

4- 

? 

1 

) 

! 

$   /d0 

/ 

/ 

/ 

/ 

K    /40 

/ 

/ 

5 

1 

1 

1 

IZO 

1 

1 

/ 

1 

4 

\l 

/ 

b 

100 

1 

1 

/ 

7 

1 

/ 

80 

1 

1 

/ 

/ 

s 

1 

I 

/ 

/ 

60 

1 

/ 

/ 

/ 

/ 

—A 

/ 

* 

/ 

40 

/ 

/ 

• 

/ 

/ 

ZO 

°c 

IC 

7 

i 

* 

.. 

Time.  In  Mihuteo 
Fig.  38. — Temperature-time  curves  of  a  typical  test  on  a  rolled  wheel. 


LOADING  TEST  OF  A  HOLLOW  TILE  AND  REINFORCED 
CONCRETE  FLOOR  OF  ARLINGTON  BUILDING, 
WASHINGTON,  D.  C. 

By  Louis  J.  Larson  and  Serge  N.  Petrenko. 


ABSTRACT. 

Hollow-tile  and  reinforced  concrete  floor  panels,  supported  on  reinforced  concrete 
beams,  were  loaded,  some  to  3.8  times  the  design  live  load.  The  loading  was  designed 
to  produce  the  maximum  positive  and  the  maximum  negative  moments.  Strain 
measurements  were  taken  on  the  concrete  and  the  reinforcing  steel  of  the  slabs  and 
of  the  girders.  Deflections  of  the  slab  were  measured  also.  In  the  slabs  the  maximum 
stresses  were  developed  at  the  positions  of  negative  moment.  The  beams  at  the 
edges  of  the  panels  offered  so  little  resistance  to  torsion  that  the  stressses  in  the  steel 
across  these  beams  due  to  negative  moment  were  little  affected  by  a  transfer  of  load 
between  adjacent  panels. 

The  effect  of  time  under  load  was  very  pronounced  in  the  first  20  hours  and  com- 
paratively small  later.  The  increase  in  the  deformation,  due  to  continued  loading, 
was  greater  in  the  reinforcement  than  in  the  concrete.  The  cracking  of  the  concrete 
and  the  resulting  great  increase  of  the  stresses  in  the  reinforcing  steel  showed  that  at 
first  the  concrete  carried  a  considerable  portion  of  the  tensile  stresses. 

Due  to  the  low  stresses,  the  moment  coefficients  were  generally  small.  They  are 
not  proposed  for  use  in  design  but  to  show  the  relative  amount  of  the  bending  moment 
carried  in  the  two  directions.  The  effect  on  the  moment  coefficients  of  an  increase 
in  the  ratio  of  length  to  width  of  the  panel  was  a  rapid  increase  of  both  the  positive 
and  the  negative  moments  in  the  direction  of  the  short  span  and  a  less  rapid  de- 
crease of  both  moments  in  the  direction  of  the  long  span. 

The  factor  of  safety  of  the  structure  was  apparently  greater  than  2. 
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I.  INTRODUCTION. 

The  tests  of  the  Arlington  Building  consisted  of  loading  cer- 
tain floor  panels  and  taking  measurements  of  the  deflections 
of  the  panels,  deformations  of  the  concrete,  and  reinforcement 
of  the  beams  and  panel  slabs.  Other  investigators  had  made 
similar  tests  of  concrete  flat  slab,  beam,  and  girder,  and  various 
types  of  reinforced  concrete  and  hollow-tile  floor  constructions; 
and  simple  loading  tests  of  three  floor  panels  of  two-way  rein- 
forced concrete  and  hollow-tile  construction  without  concrete 
topping,  in  which  the  deformations  were  measured,  had  been 
made  by  Prof.  James  S.  McGregor,  of  Columbia  University,  in 
cooperation  with  the  Bureau  of  Buildings  of  New  York,  N.  Y. 
The  tests  herein  described,  however,  were  among  the  first  made 
on  this  type  of  construction,  which  was  a  framework  of  light- 
weight structural  steel  members  used  as  reinforcement  for  the 
concrete  columns  and  beams,  supporting  two-way  reinforced  con- 
crete and  terra-cotta,  hollow-tile  floor  panels. 

Due  to  the  differences  in  construction  of  the  panels  the  results 
obtained  can  not  be  considered  representative  of  general  con- 
struction. Some  of  the  slabs  are  supported  on  lintel  beams 
and  beams  spanning  between  columns,  while  others  are  supported 
on  beams  and  girders.  It  is  therefore  evident  that  the  stress 
distribution  in  these  tests  must  differ  materially  from  that  in 
a  floor  slab  continuous  in  both  directions  over  several  panels. 

1.  PURPOSE  OF  TESTS. 

The  type  of  construction  was  new  in  many  respects  and  the 
structure  is  considerably  lighter  than  recommended  by  the 
final  report  (19 16)  of  the  Joint  Committee  on  Concrete  and  Rein- 
forced Concrete  or  allowed  by  most  building  codes. 
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The  primary  purpose  of  the  test  was,  therefore,  to  find  how 
much  live  load  could  actually  be  placed  on  individual  panels 
before  serious  stresses  were  developed.  It  was  desired  by  all 
concerned  in  this  test  to  secure  as  much  information  as  possible 
on  the  action  of  the  hollow-tile  slabs  and  incidentally  also  on 
the  framework  when  subjected  to  load. 

2.  ACKNOWLEDGMENTS. 

The  preliminary  arrangements  for  the  test  were  made  by  E.  C. 
Ruebsam,  chief  structural  engineer,  Office  of  the  Supervising 
Architect,  Treasury  Department.  Mr.  Ruebsam  also  cooperated 
in  selecting  the  test  panels  and  planning  the  test.  L.  J.  Larson, 
assisted  by  R.  L.  Templin,  of  the  Bureau  of  Standards,  con- 
ducted the  test.  The  recorders  were  J.  A.  Cliff,  Office  of  the 
Supervising  Architect,  and  H.  G.  Boutell,  Bureau  of  Standards. 
J.  T.  McCoy,  of  Schuster  Engineering  Co.,  arranged  for  the  labor 
and  loading  material  for  loading  the  panels.  The  reduction  of 
the  data  and  the  preparation  of  the  report  of  the  test  have  been 
done  by  the  authors,  assisted  by  the  members  of  the  engineering 
and  structural  materials  division,  Bureau  of  Standards.  The 
authors  are  especially  indebted  to  W.  A.  Slater,  engineer  physicist, 
Bureau  of  Standards,  for  advice  and  assistance.  The  interpre- 
tation of  the  results  in  many  cases  was  due  to  him. 

II.  DESCRIPTION    OF   TEST. 

1.  BUILDING. 

The  Arlington  Building,  located  at  Vermont  Avenue  and  I 
Street,  Washington,  D.  C,  was  constructed  for  the  Treasury- 
Department  to  be  used  by  the  Bureau  of  War  Risk  Insurance, 
now  the  Veterans'  Bureau.  It  is  11  stories  high  above  the  ground 
and  has  3  basement  stories.  Each  floor  covers  an  area  of  approx- 
imately 1  Ys  acres.  Wyatt  &  Nolting,  of  Baltimore,  were  the  archi- 
tects and  the  Underpinning  &  Foundation  Co.,  of  New  York, 
was  the  general  contractor.  In  Figure  1  is  shown  the  general 
view,  and  in  Figure  2  the  part  plan  of  the  building. 

The  building  was  originally  intended  for  a  hotel  with  a  live 
load  of  75  lbs. /ft.2  On  account  of  the  purchase  by  the  Govern- 
ment for  other  uses,  the  construction  was  strengthened  in  view 
of  possible  loads  on  floor  panels  of  100  lbs. /ft.2  The  original 
design  provided  for  resisting  moments  in  the  floor  slab  much  less 
than  that  prescribed  by  current  methods  of  reinforced  concrete 
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design.  The  subsequent  modifications  secured  a  proportionate 
increase  in  the  original  resistance  somewhat  greater  than  would 
be  required  by  the  increase  in  live  load  contemplated,  but  even 
so  the  total  computed  resistance  was  much  lower  than  required 
by  accepted  standards  for  the  design  of  reinforced  concrete  struc- 
tures. The  width  of  the  panels  of  this  building  varied  from 
about  11  to  15  feet  and  the  ratio  of  length  to  width  varied  from 
1  to  2. 


Fig.  2. — Layout  showing  location  of  the  panels  which  were  tested. 
Each  floor  covers  an  area  of  about  i'i  acres.    The  tested  panels  are  located  on  the  first  floor. 

A  1:2:4  gravel  concrete  was  used ;  that  in  the  columns  and 
beam  stems  was  very  "sloppy";  in  the  slabs  it  was  somewhat 
drier.  Tests  on  the  cylindrical  specimens  and  the  difficulty  of 
chippping  the  slabs  in  the  preparation  for  the  test  showed  the 
concrete  to  be  of  good  quality.  The  age  of  the  specimens  was 
about  two  and  one-half  months  and  that  of  panels  at  the  time  of 
testing  from  two  to  two  and  one-half  months.  Round  and  square 
smooth  bars  and  square  corrugated  bars  were  used  for  reinforce- 
ment. The  tiles  used  in  the  floors  appeared  to  be  of  a  medium- 
burned  grade,  except  some  of  the  4-inch  tiles,  which  apparently 
were  hard  burned.  The  results  of  the  tensile  tests  of  reinforcing 
bars  and  of  compression  tests  of  concrete  and  tiles  are  given  in 
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Tables  i  to  3.  The  columns  consist  of  a  steel  H  section  sur- 
rounded by  a  thick  casing  of  concrete,  the  total  column  being  16 
inches  square.     Vertical  rods  for  reinforcement  were  placed  at 
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FlG.  3. — Construction  of  panel  A. 
Steel  I  beams  serve  as  tension  reiniorcement. 


each  corner  and  held  in  place  by  square  ties  made  of  one-fourth- 
inch  round  rods  placed  1 2  inches  on  centers  and  2  inches  from  the 
surface  of  the  concrete,  which  were  designed  to  prevent  spalling 
in  case  of  fire. 
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The  construction  of  panels  and  supporting  girders  is  shown  in 
Figures  3  to  6.  The  beams  and  girders  have  steel  I  beams  or 
channels  placed  near  the  bottom,  which  serve  as  tension  rein- 
forcement.    In  some  cases  rods  were  used  in  addition.     Shear 
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FlG.  4. — Construction  of  panels  B,  C,  and  D. 
Steel  I  beams  serve  as  tension  reinforcement. 

reinforcement  for  the  tee  beams  consisted  of  one-half-inch  round 
bars  through  holes  in  the  webs  of  the  I  beams  looped  above  and 
set  vertically  (see  Fig.  7).  The  slab  was  designed  originally  to 
be  of  a  total  thickness  equal  to  the  depth  of  the  tiles  used.  On 
account  of  the  change  in  loading  mentioned  above  the  thickness 
of  the  floor  was  increased  by  placing  concrete  to  a  depth  of  2 
inches  above  the  top  of  the  tiles.     This  concrete  topping  was 
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omitted  in  one  of  the  panels  tested.  The  tiles,  which  were  12 
inches  square,  were  placed  in  rows  in  the  two  directions  parallel 
to  the  sides  of  the  panels,  leaving  spaces  of  4  inches  between 
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Fig.  5. — Construction  of  panel  E. 
Steel  I  beams  serve  as  tension  reinforcement. 

rows  in  each  direction.  Reinforcing  bars  of  the  sizes  shown  in 
Figures  3  to  6  were  placed  in  these  4-inch  spaces.  The  ends  of 
the  tiles  were  left  open  and  the  concrete  was  poured  around  the 
reinforcing  and  permitted  to  flow  into  the  open  ends  of  the  tiles 
(Fig-  7). 
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For  convenience  in  loading,  the  test  panels  were  selected  on  the 
first  floor.  Panels  having  ratios  of  length  to  width  of  i  .05  (panels 
A  and  B),  1.38  (panels  C  and  D),  and  1.86  (panel  E)  were  selected 
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Fig.  6. — Construction  of  panel  F. 

Panel  i*"  has  no  concrete  topping. 

in  order  to  study  the  effect  of  variation  in  that  ratio.  A  small 
corner  panel  (F),  which  did  not  have  the  2 -inch  layer  of  concrete 
above  the  tiles,  was  tested  for  comparison  with  those  which  had 
concrete  topping. 

The  location  of  the  test  panels  in  the  building  is  shown  in 
Figures  2,  8,  and  9.     Panel  B  is  supported  by  a  lintel  beam  on 
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Fig.  9. — Panels  A,  B,  C,  and  D 
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one  side.     Panel  F  is  supported  by  lintel  beams  on  the  north 
and  west  sides. 

TABLE  1.— Tensile  Tests  of  Reinforcing  Steel. 


Size  of  bar. 


Yield 
point. 


Ultimate    j  Elongation 
strength.    '  in  8  inches. 


J^-lnch  D  corrugated . 

J^-inch  □  plain 

%-inch  □  plain 

yi-inth  <p  plain 

%-ineh  4>  corrugated . 

Average 


Lbs.  in.« 

63, 400 

61,400 

50,000 

50,000 

46,800 

59,010  | 

58,900  I 

66, 300 

62,190 

41,800 

39,300 


Lbs./in.» 

96, 000 
95, 600 
81,800 
81,800 
74, 790 
89,200 
89,  200 
104,400 
104, 500 
61,790 
61,600 


53,500 


85,500 


Per  cent. 
17.2 
16.4 
23.4 


21.9 
19.1 
19.9 
15.6 

18.75 

28.9 

27.7 


20.9 


TABLE  2. — Compressive  Strength  and  Modulus  of  Elasticity  of  Concrete. 


Specimen  number. 


Panel  from  which  taken. 


Compres- 
sive 
strength. 


Modulus  of 
elasticity. 


1 AandB 

2 

5 

6 

7 


{■Columns  and  beams . 

A  and  B 

D 

E 

F 

{•Topping 

C 


Average. 


Lbs./in.« 
3,730 
2,200 
2,020 
3,050 
3,810 
3,100 
3,340 
4,120 
4,120 
3,970 


Lbs.'ln.* 

4,035,000 
2,500,000 
6, 150, 000 


4,800,000 


3,450,000 
3, 705, 000 


3,350 


4, 100, 0C0 


1  The  age  of  concrete  about  two  and  one-half  months. 

TABLE  3. — Compressive  Strength  and  Modulus  of  Elasticity  of  Terra-Cotta  Tiles. 


Specimen  number. 

Thick- 

Ultimate 

strength. 

Modulus  of 

oftile. 

Gross. 

Net. 

elasticity. 

1 

Inches. 
4 
4 
4 
5 
5 
6 
6 

Lbs./in.* 

2,315 
571 
1,010 
1,676 
1,661 
977 
1,856 
1,453 

Lbs./in.« 
6,117 
2,225 
3,822 
4,530 
4,445 
2,595 
5,660 
3,560 

Lbs./in.J 

3, 637, 000 

2 

Hard 

4, 050, 000 

3 

do 

4,133,000 

4 

Soft  

7,110,000 

5 

4,855,000 

6 

Soft     .            

3,255,000 

7 

6,372,000 

8 

6 

...  .do 

2,486,000 

1,440 

4,120 

4,500,000 

The  east  side  is  carried  by  a  beam  framing  into  a  girder  which 
supports  the  south  end  of  the  panel.  There  is  no  column  at  the 
intersection  of  this  beam  and  girder.  The  panel  as  a  whole  is 
therefore  very  irregular  in  construction  as  regards  the  supports. 
The  other  panels  A,  C,  D,  and  E  are  typical  interior  panels. 
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The  bars  in  the  top  of  the  slab  were  exposed  for  strain-gage 

measurements  by  chipping  holes  in  the  concrete  and  those  in  the 

bottom  of  the  slab  were  exposed  by  the  removal  of  corks  which 

had  been  nailed  to  the  forms  at  the  desired  points  before  any 

concrete  was  poured.     Steel  plugs  were  set  with  plaster  of  Paris 

into  one-half-inch  holes  in  the  concrete  where  readings  on  concrete 

were  to  be  made. 

3.  THE  TEST. 

(a)  INSTRUMENTS  USED. 

The  deformation  measurements  on  the  steel  and  concrete  were 
made  with  8-inch  Berry  strain  gages.  One  of  these  instruments 
had  4>2-inch  legs  so  as  to  facilitate  readings  on  the  embedded 
steel.  In  other  respects  both  of  the  strain  gages  used  were  of 
standard  design  reading  total  deformation  directly  to  0.0002  inch 
and  by  estimation  to  0.00002  inch. 

The  deflections  were  determined  by  measuring  the  change  of 
distance  between  a  steel  plug  set  in  the  bottom  of  the  test  slab 
and  a  plate  attached  to  the  basement  floor.  The  deflection 
apparatus  consisted  of  a  wooden  rod  (Fig.  11)  having  a  T-shaped 
section  to  give  stiffness,  with  a  dial  micrometer  attached  at  one 
end  and  a  conical  steel  point  at  the  other.  The  bearing  end  of  the 
plunger  of  the  micrometer  was  also  fitted  with  a  conical  point. 
The  dial  used  read  directly  to  0.001  inch  and  had  a  range  of  1  inch. 
To  take  a  deflection  reading  the  steel  point  at  the  base  of  the  rod 
was  inserted  into  a  hole  in  the  steel  plate  set  on  the  floor  below 
the  test  panel.  The  conical  point  of  the  dial  micrometer  was 
brought  to  a  firm  bearing  in  the  hole  in  the  steel  plug  set  in  the 
ceiling  vertically  above  the  lower  plate,  and  the  dial  reading  was 
noted.  The  use  of  the  conical  points  bearing  in  cylindrical  holes 
insured  definite  contact.  The  use  of  such  a  deflectometer  elimi- 
nated the  need  of  a  special  deflection  scaffolding  and  saved  con- 
siderable time  in  the  preparation  for  the  test  and  in  taking  the 
deflection  readings.  It  was  possible  to  repeat  readings  with  a 
variation  of  not  more  than  0.00 1  inch,  which  gave  a  sufficient 
accuracy  for  this  work. 

(b)  OBSERVATIONS  TAKEN. 

The  observations  taken  included  deformation  measurements 
on  steel,  concrete,  and  deflection  measurements  of  the  slabs  and 
beams.  The  locations  of  the  gage  lines  and  deflection  points  are 
shown  in  Figures  1 2  and  13.  The  gage  lines  in  panels  A,  B,  C,  and 
D  were  located  with  a  view  of  finding  the  stresses  at  the  edges 
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and  centers  of  the  panels  in  each  direction  and  in  some  cases  also 
the  stresses  in  the  beams.  Additional  gage  lines  along  the  edges 
of  the  panels  were  taken  to  study  the  distribution  of  the  bending 
moment  across  the  beam.  In  panel  A  a  pair  of  gage  lines  was 
located  on  one  of  the  diagonals  at  each  of  the  J4  points.  The 
arrangement  of  gage  lines  in  panel  E  was  selected  primarily  to 
find  the  distribution  of  stresses  throughout  the  panel.  It  was 
decided  to  study  the  stresses  in  one-quarter  of  the  panel  and  take 
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Fig.  12. — Diagram  of  panels  A,  B,  C,  and  D,  showing  location  of  gage  lines  and  cracks 

in  the  concrete. 

The  gage  lines  were  located  to  obtain  the  stresses  at  the  edges  and  centers  of  panels  and  also  the  stresses 
in  the  beams.  The  distribution  of  the  cracks  furnishes  an  indication  of  the  distribution  of  the  stresses 
at  an  early  stage  of  the  test. 

only  a  few  readings  on  the  remainder  of  the  slab  to  note  if  the 
behavior  was  uniform.  Panel  F  was  so  irregular  in  constructional 
features  that  it  was  considered  necessary  to  make  observations 
at  all  edges,  mid  sections,  and  diagonals. 

On  panels  A,  B,  C,  and  D  deflection  readings  were  taken  at 
the  center  of  each  panel  and  the  middle  of  each  of  the  supporting 
beams.  From  the  large  number  of  deflection  points  in  one- 
quarter  of  panel  E  it  was  hoped  to  be  able  to  plot  the  elastic 
curves  of  the  slab  at  various  sections  in  each  direction.  The 
deflections  of  various  points  outside  of  this  quarter  serve  princi- 
pally as  a  check  on  the  assumed  uniform  behavior  of  the  panel. 
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Sufficient  deflection  measurements  were  made  on  panel  F  to 
study  the  difference  in  behavior  of  various  portions  due  to  the 
irregularities  of  the  supports. 

(c)  METHOD   OF  LOADING. 

Cement  in  bags  was  used  as  the  loading  material.  In  order  to 
prevent  arching  the  load  was  divided  into  four  quarters  separated 
by  aisles  (Fig.  10).  Some  of  these  aisles  were  also  required  to 
afford  access  to  gage  lines  and  were  made  wide  enough  for  this 
purpose.  The  load  was  placed  symmetrically  on  the  panels  and 
each  quarter  of  the  load  was  centered  on  its  quarter  of  the  panel. 
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Fig.  13. — Diagram  of  panels  E  and  F ,  showing  the  location  of  gage  lines  and  cracks  in 

the  concrete. 
The  gage  lines  in  panel  E  were  located  with  a  view  of  finding  the  distribution  of  stresses  throughout  the 

panel.     Panel  F  was  so  irregular  in  construction  that  observations  were  taken  at  all  edges,  mid  sections, 

and  diagonals. 

In  determining  the  intensity  of  the  loading  the  total  area  of  the 
panel  from  center  to  center  of  supporting  beams  was  used.  The 
weight  of  one  bag  of  cement  was  assumed  as  95  pounds.  One 
course  of  bags  of  cement  gave  a  load  of  about  95  lbs. /ft.2,  and  for 
convenience  in  making  comparisons  is  frequently  referred  to  as  a 
unit  of  load. 

The  loading  schedule  adopted  was  intended  to  produce,  for  a 
given  intensity  of  load  (1)  a  maximum  positive  bending  moment 
in  each  of  the  three  types  of  panels  tested  (ratio  of  length  to  width 
1.05,  1.38,  and  1.86),  and  (2)  a  maximum  negative  moment 
between  adjacent  panels.  The  following  schedule  was  used: 
Panel  B  was  loaded  by  increments  of  95  lbs. /ft.2  to  a  maximum 
load  of  285  lbs./ft.2      Panel  D  was  then  similarly  loaded  to  380 
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lbs. /ft.2  Inasmuch  as  these  two  panels  were  diagonally  opposite 
the  same  column  it  was  assumed  that  the  load  on  one  would  not 
affect  the  other.  The  load  on  panel  D  was  then  decreased  to  310 
lbs. /ft.2  and  the  load  of  285  lbs. /ft.2  on  panel  B  was  transferred  to 
panel  A,  leaving  panels  B  and  C  unloaded.  The  load  on  the 
adjacent  panels  A  and  D  produced  a  maximum  negative  moment 
over  the  beam  between  them.  The  load  on  panels  A  and  D  was 
then  reduced  to  190  lbs. /ft.2  and  panels  B  and  C  were  loaded  to 
this  same  amount.     This  loading  furnishes  data  for  making  some 
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Fig.  14. — Load-time  curves. 
The  abscissas  show  the  duration  ot  loaded  condition  and  the  ordinates  the  intensity  of  loading. 

comparisons  of  the  negative  moments  over  the  beams  at  the  sides 
and  ends  of  both  square  and  oblong  panels.  The  load  was  then 
removed  from  panels  B,  C,  and  D  leaving  a  load  of  190  lbs. /ft.2  on 
panel  A .     This  load  was  then  removed  by  decrements  of  95  lbs. /ft.2 

Panel  E  was  loaded  successively  to  1 ,  2,3,  and  3  y2  increments 
of  95  lbs. /ft.2  each,  making  a  total  of  332  lbs. /ft.2  The  total  load 
was  then  removed. 

Panel  F  was  loaded  to  a  total  unit  load  of  290  lbs. /ft.2  by  incre- 
ments of  75  lbs. /ft.2  and  the  total  load  was  then  removed. 

Figure  14  gives  a  diagram  of  the  loading  at  each  series  of  obser- 
vations. 
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4.  TEMPERATURE  CORRECTIONS. 

Although  the  test  panels  were  protected  from  the  sun  they  were 
subjected  to  a  considerable  variation  in  temperature.  The  temper- 
ature in  the  shade  varied  from  about  60  to  900  F.  during  the  test. 
It  has,  therefore,  been  necessary  to  apply  temperature  corrections 
to  the  strain-gage  readings.  Observations  on  unstressed  bars, 
termed  standard  bars,  were  used  for  this  purpose.  During  the 
first  part  of  the  test  on  panel  B  it  was  found  that  these  bars  were 
not  sufficiently  protected  against  temperature  changes  and  they 
were,  therefore,  incased  in  concrete  in  a  wooden  box.  From  this 
time  on  the  readings  on  the  standard  bars  appeared  to  be  consistent 
with  those  on  gage  lines  at  unstressed  portions  of  the  panels. 

For  observations  in  panels  A,  C,  and  D  taken  before  the  standard 
bars  were  covered,  the  temperature  corrections  were  based  upon 
readings  on  unstressed  reinforcing  bars  of  the  slab.  After  the 
standard  bars  were  covered  the  readings  on  them  were  used  as  a 
basis  for  making  temperature  corrections. 

To  guard  against  errors  in  the  observed  deflections,  due  to 
unaccounted  for  changes  in  the  deflectometer,  deflection  readings 
were  taken  at  a  point  near  a  column.  The  deflection  at  this  point 
was  assumed  to  be  zero  and  any  necessary  corrections  were  made 
accordingly. 

5.  RECORDING  AND  PRESENTING  TEST  DATA. 

For  the  purpose  of  systematizing  the  numbering  of  the  gage 
lines  the  panels  were  divided  into  nine  zones  or  strips  in  each 
direction  as  shown  in  Figures  12  and  13.  The  strips  running 
east-west  across  the  panels  were  numbered  consecutively  from  1 
to  9,  inclusive,  and  those  running  in  the  north- south  direction  were 
numbered  by  tens  from  o  to  90,  inclusive.  The  gage  line  at  any 
point  received  its  number  from  the  combined  numbering  of  strips. 
For  example,  gage  line  number  49  was  always  located  at  the  center 
of  the  north  edge  of  a  panel  and  is  at  the  intersection  of  north- 
south  strip  No.  40  and  east-west  strip  No.  9.  The  six  panels 
tested  were  designated  alphabetically  A  to  F,  inclusive.  The 
panel  letter  was  prefixed  to  the  number  of  the  gage  line.  Suffixes 
"B"  and  "N"  were  used  to  designate  readings  in  the  east- west 
and  north-south  directions,  respectively.  For  example,  B49N 
was  the  gage  line  in  the  north- south  direction  at  the  center  of  the 
north  edge  of  panel  B.  The  gage  line  on  the  steel  and  that  on  the 
concrete  at  the  same  location  in  the  panel  were  numbered  alike. 
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The  gage  line  on  the  steel  was  always  on  the  tension  side  of  the 
slab  and  the  gage  line  on  the  concrete  on  the  compression  side. 
In  a  few  cases  a  gage  line  was  located  on  the  concrete  on  the 
tension  side  of  the  slab  and  these  were  designated  by  the  sub- 
script (c). 

Each  set  of  consecutive  strain-gage  observations  on  all  parts 
of  the  structure  under  test  was  termed  a  series  and  these 
series  were  numbered  consecutively  throughout  the  entire  test. 
Figures  15  to  17  show  the  series  numbers  plotted  as  ordinates  and 
the  stresses  in  the  reinforcement  calculated  from  the  observed 
stresses,  assuming  a  modulus  of  30,000,000  lbs./in.2  or  the  deforma- 
tions in  the  concrete  as  abscissas.  Figure  18  shows  the  series  as 
ordinates  and  the  deflections  at  various  points  as  abscissas. 

The  elastic  curves  of  sections  of  the  slab  in  panels  A,  B,  C,  and 
D  as  obtained  from  the  deflection  readings  are  shown  in  Figures 
19  to  22.  Dotted  portions  of  the  curves  represent  the  estimated 
curvature  where  insufficient  observations  were  made  to  determine 
the  true  curve. 

III.  RESULTS    OF   TESTS. 

I.  EFFECT   OF   CHANGE   IN   LOADING    CONDITIONS   ON    STRESSES. 

The  effect  of  change  in  area  loaded  was  observed  on  panels  A, 
B,  C,  and  D  under  various  conditions  and  is  indicated  in  Figure 
23.  In  this  figure  and  in  this  discussion  the  term  unit  of  load, 
meaning  95  lbs. /ft.2,  is  used.  The  changes  of  load  are  divided 
into  three  cases.  These  three  cases  are  here  described  and  the 
effect  of  the  changes  of  load  on  the  tensile  stresses  at  the  center  of 
the  panel  and  across  the  beams  is  discussed. 

In  the  discussion  an  increase  in  the  stress  refers  to  an  increase 
in  tension  or  a  decrease  in  compression.  This  is  because  the  main 
subject  under  consideration  is  the  tensile  stress  and  a  decrease  in  a 
compressive  stress  has  the  same  significance  as  an  increase  in  the 
tensile  stress. 

Case  1. — Panel  B  carried  a  constant  load  of  3  units  while  panel 
D  was  being  successively  loaded  with  1,  2,  3,  and  4  units  of  load. 
(See  Fig.  23-1.) 

In  panel  B,  which  was  under  constant  load,  the  stresses  in  the 
positive  reinforcement  in  both  directions  increased  gradually 
throughout  the  change  in  loading.  The  increase  was  100  per  cent 
and  50  per  cent  in  the  short  and  the  long  spans,  respectively. 
The  stresses  in  the  negative  reinforcement  on  the  sides  farther 
away  from  panel  D  remained  practically  unchanged,  while  those 
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on  the  sides  nearer  to  panel  D  (the  east  and  the  south  sides)  in- 
creased regularly  at  each  loading.  The  corresponding  increases 
of  stress  on  the  east  and  south  sides  of  the  panel  were  92  and  185 
per  cent,  respectively.  However,  not  all  of  the  increase  in  stress 
should  be  attributed  to  the  loading  of  panel  D,  since  the  length  of 
time  between  successive  operations  was  probably  sufficient  to 
introduce  a  "time  effect." 

The  results  stated  in  the  preceding  paragraph  indicate  that  the 
two  panels  diagonally  opposite  the  same  column  could  not  be 
considered  as  independent  of  each  other,  since  the  load  on  one  of 
them  produced  appreciable  effect  on  both  the  negative  and  the 
positive  moments  of  the  other  panel. 


Stress  m  Steel  -/o  per  sq.in 
Fig.  17. — Stress  scries  curves  for  steel  at  the  top  of  the  slab. 

In  panel  D,  which  was  being  loaded,  the  stresses  in  the  positive 
reinforcement  in  the  long  span  (east-west)  increased  slightly 
while  those  in  the  short  span  increased  to  a  much  greater  degree. 

The  stresses  in  the  negative  reinforcement  in  the  short  span 
increased  from  —1,500  to  +4,500  lbs./in.2  on  the  north  side  of 
the  panel,  but  remained  practically  unchanged  on  the  south  side. 

In  the  long  span  the  stresses  in  the  negative  reinforcement 
increased  approximately  from  o  to  10,000  lbs./in.2  on  both  the 
east  and  west  sides  of  the  panel.  On  the  east  side  the  variation 
in  stress  with  change  in  load  was  quite  irregular. 

Case  2. — Panel  D  maintained  a  constant  load  of  3^  units, 
while  the  load  of  3  units  on  panel  B  was  gradually  transferred  to 
panel  A  (Fig.  23-2). 

(a)  In  panel  D,  in  which  the  load  was  kept  constant,  the  tensile 
stresses  in  the  positive  reinforcement  in  the  short  span  increased 
gradually.     In  the  long  span  at  the  end  of  the  shifting  of  loads 
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Fig.  18. — Deflection  series  curves. 
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Fig.  19. — Elastic  curves  for  panels  A, 
B,  C,  and  D;  load,  3  units  on  panel  B. 

After  the  removal  of  load  there  ■was  an  im- 
mediate recovery  of  more  than  50  per  cent  of  the 
deflection.  The  residual  deflection  48  hours  after 
the  removal  of  load  was  about  25  per  cent. 


the  stresses  were  of  the  same  value  as  at  its  beginning,  though 
in  the  meantime  there  had  been  some  variations.  In  the  nega- 
tive reinforcement  the  stresses  increased  very  slightly  in  both 

directions  and  on  all  sides  of  the 
panel.  Some  of  the  changes  of 
stress  in  panel  D  for  case  2  are 
not  easily  explained  and  may  pos- 
sibly be  a  time  effect,  though  the 
stress  readings  used  in  this  study 
were  selected  so  as  to  eliminate 
time  effect  as  far  as  possible. 

(b)  In  panel  A,  to  which  the 
load  was  being  transferred,  the 
change  in  the  observed  stress  in 
the  positive  reinforcement  in  each 
direction  was  about  6,000  lbs. /in.2 
Apparently  this  difference  of  6,000 
lbs./in.2  was  sufficient  to  change  the 
stress  in  each  direction  from  compression  caused  by  loading  panels 
B  and  D  to  tension. 

The  stresses  in  the  negative  reinforcement  increased  slightly 
on  all  sides  of  the  panel.  The  change  of  stress  was  in  the  direction 
to  be  expected  but  was  quite  small. 

(c)  In  panel  B,  which  was 
being  unloaded,  the  stresses  in 
the  positive  reinforcement  de- 
creased from  13,500  to  3,500 
lbs./in.2  for  the  short  span  and 
from  18,000  to  15,000  lbs. /in.2 
for  the  long  span. 

In  the  negative  reinforce- 
ment the  stresses  decreased 
very  slightly  on  all  sides  of  the 
panel.  The  average  change  of 
stress  in  the  negative  reinforce-      FlG  2Q.— Elastic  curuesfor  panels  A,B,C, 

ment  between  panels  A  and  B  andD;  load,  3  units  on  panel  A;  3%  units  on 
was   approximately    zero.      It  Panel  D- 

appears  that  the  bending  moment  carried  by  the  negative  reinforce- 
ment across  a  given  beam  was  nearly  proportional  to  the  total  load 
carried  by  the  beam  whether  that  load  be  distributed  over  the  two 
panels  adjacent  to  the  beam  or  carried  entirely  by  the  panel  on  one 
side  of  the  beam. 
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Case  3. — At  first  panels  A  and  D  were  loaded  with  3  and  3^ 
units,  respectively.  Then  panels  B  and  C  were  loaded  with  2 
units  each  while  the  load  on  panels  A  and  D  was  being  reduced 
also  to  2  units  (Fig.  23-3). 

(c)  In  panels  A  and  D,  which  were  being  unloaded,  the  stresses 
in  the  positive  reinforcement  in  both  directions  decreased  practi- 
cally the  same  amount.  The 
decrease  was  approximately 
5,000  lbs. /in.2  for  panel  D  and 
1,000  lbs. /in.2  for  panel  A. 

The  stresses  in  the  negative 
reinforcement  in  panel  A  re- 
mained unchanged  on  the  south 
and  west  sides  and  decreased 
a  little  on  the  north  side. 

The  stresses  in  the  negative 
reinforcement  on  the  north  and 
south  sides  of  panel  D  were 
small  and  changed  very  little 
with  the  change  in  loading.  On 
the  east    and   west  sides  the 


Fig.  21. — Elastic  curves  for  panels  A,  B,  C, 
and  D;  load,  3  tinits  on  panel  B;  4  units 
on  panel  D. 


stresses  in  the  negative  reinforcement  were  larger  and  decreased 
about  3,000  lbs. /in.2  with  the  transfer  of  load. 

(b)  In  panels  B  and  C,  which  were  being  loaded,  the  stresses  in 
the  positive  reinforcement  of  both  panels  increased.  The  increase 
was  greater  for  the  short  span  than  for  the  long  span,  but  the 
compressive  stresses  in  panel  C,  caused  by  the  loading  of  panels 

B  and  D  (case  1),  were  never 
eliminated  during  the  transfer 
of  load  to  this  panel.  The 
stresses  in  the  negative  rein- 
forcement on  all  sides  of  both 
panels  increased,  but  the  in- 
crease was  considerably  more 
for  the  south  side  of  both  panels 
than  for  the  north  side. 

In  the  study  of  the  effect  of 
changes  in  the  area  loaded,  it 
Fig.  22.— Elastic  curves  for  panels  A,  B,  C,    was  found  that  generally  the 
and  D;  had,  2  units  on  each  of  4  panels.       changes  in  stress  were  in  the 

direction  to  be  expected  but  usually  small  in  amount.     The  stresses 
with  which  the  study  deals  were  much  greater  in  some  places  than 
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in  others,  but  no  reason  for  this  difference  was  apparent.  The 
beams  around  the  edges  of  the  panels  apparently  offered  so  little 
resistance  to  torsion  that  the  stresses  across  these  beams,  due  to 
negative  moments,  were  little  affected  by  transfer  of  load  between 
adjacent  panels. 

Panel  E. — Panel  E  was  far  enough  away  from  the  other  panels 
tested  that  it  was  not  affected  by  the  loads  on  them.  (See  Figs.  2 
and  23-4.)  It  was  loaded,  successively,  with  1,  2,  3,  and  $}4  (332 
lbs. /ft.2)  units  of  load.  The  stresses  in  positive  reinforcement 
increased  gradually  from  o  to  24,000  and  10,000  lbs. /in.2  in  short 
span  and  long  span,  respectively. 

The  maximum  stress  in  the  positive  reinforcement  in  the  long 
span  (11,000  lbs./in.2)  was  found,  however,  not  in  the  center  but 
near  the  quarter  point  of  the  middle  strip,  which  observation 
agrees  with  the  subsequent  mathematical  discussion.1 

Maximum  stresses  in  the  negative  reinforcement  were  about 
4,000  and  6,500  lbs./in.2  in  the  short  (north  and  south  sides, 
respectively)  and  12,500  and  14,500  lbs./in.2  in  the  long  span  (east 
and  west  sides,  respectively). 

Panel  F. — This  panel  was  loaded  with  increments  of  about  71 
up  to  284  lbs. /ft.2     (See  Fig.  23-4.) 

The  maximum  stresses  in  the  positive  reinforcement  were  about 
8,000  and  11,000  lbs./in.2  in  the  long  and  the  short  spans,  respec- 
tively. 

The  stress  in  the  negative  reinforcement  at  the  west  side  of  the 
panel  was  low  (2,500  lbs./in.2).  This  was  to  be  expected,  since 
the  slab  was  not  anchored  to  the  wall  and,  therefore,  free  to 
rotate  with  its  support.  That  such  rotation  actually  took  place 
was  indicated  by  the  opening  of  a  crack  between  the  slab  and  the 
wall  as  the  test  progressed. 

2.  EFFECT  OF  TIME  UNDER  LOAD   ON   STRESSES. 

Due  to  shortage  of  labor  and  sometimes  of  loading  material 
several  delays  occurred  which  introduced  time  effects  and  the 
results  are  considerably  complicated  by  such  effects.  For  study 
of  the  effects  of  the  duration  of  the  loaded  condition  on  the 
deformation  in  the  concrete  and  in  the  reinforcement  there  are 
available  the  cases  in  which  panel  E  was  loaded  to  332  lbs./ft.J 
for  92  hours  and  panel  F  to  284  lbs./ft.2  for  20  hours.  Although 
there  was  some  variation  in  temperature  during  the  time  under 

1  Westergaard  and  Slater, '  'Moments  and  stresses  in  slabs,"  17,  Proc  Am.  Cone.  Inst,  p.  433;  1921. 
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consideration,  an  examination  of  the  data  indicates  that  the 
effect  of  temperature  changes  on  the  deformations  had  been 
removed  by  the  temperature  corrections. 

A  study  of  the  observed  strains  in  panel  E  (Fig.  24)  indicates 
that  at  the  end  of  92  hours  the  stresses  in  the  positive  reinforce- 
ment in  the  short  span  had  increased  on  the  average  about  2,500 
lbs. /in.2  and  that  the  change  was  quite  regular  throughout  the 
panel.  Expressed  in  terms  of  the  stresses  observed  immediately 
after  the  maximum  load  was  in  place  (zero  hour  in  Fig.  24),  the 
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Fig.  24. — Effect  of  time  under  load  on  stresses  in  steel,  panel  E.     Load,  332  lbs. /ft.2 
The  increases  of  stresses  at  the  end  of  92  hours  varied  from  15  to  20  per  cent.     The  effect  was  more  pronounced 

during  the  first  20  hours  than  later. 

increases  varied  from  15  to  30  per  cent.  The  effect  was  more 
pronounced  during  the  first  20  hours  than  later.  In  the  long 
span  the  changes  in  stresses  were  less  and  more  irregular.  This 
was  apparently  due  to  a  readjustment,  since  a  small  increase  at 
one  point  was  generally  accompanied  by  a  relatively  large  change 
at  an  adjacent  point. 

The  stresses  in  the  positive  reinforcement  near  the  beams  were 
small  and,  as  might  be  expected,  the  time  effect  was  small  and 
often  irregular.  The  average  for  the  gage  lines,  exclusive  of  those 
near  the  beams,  showed  an  increase  of  over  2,000  lbs. /in.2,  or  about 
30  per  cent. 
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For  the  negative  reinforcement  the  average  increase  for  sections 
of  maximum  stress  was  about  3,000  lbs. /in.2,  or  25  per  cent,  in 
the  direction  of  the  short  span  and  nearly  5,000  lbs. /in.2,  or  35 
per  cent,  in  the  direction  of  the  long  span. 

For  panel  F,  under  a  load  of  284  lbs./ft.2,  the  increase  in  stress 
at  sections  of  relatively  large  bending  moments  took  place  at  about 
the  same  rate  as  was  found  for  the  first  20  hours  in  panel  E 
(Fig.  25). 

The  time  effect  on  stresses  in  panels  A,  B,  C,  and  D  is  for  the 
most  part  obscured  by  the  effect  of  loading  adjacent  panels. 
However,  it  is  possible  to  isolate  the  time  effect  in  some  instances. 
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Fig.  25. — Effect  of  time  under  load  on  stresses  in  steel,  panel  F.     Load,  285  lbs./ft.2 

Panel  B  carried  the  load  of  285  lbs./ft.2  for  40  hours,  during  which 
time  no  adjacent  panels  were  loaded.  At  the  sections  of  maxi- 
mum moment  the  increase  in  stress,  due  to  time  effect,  was  from 
30  to  50  per  cent  of  the  stresses  produced  by  the  load  on  the  panel. 
The  stresses  in  panel  D  also  increased  appreciably  during  the 
20-hour  interval  for  which  this  panel  carried  a  maximum  load  and 
the  load  on  adjacent  panels  remained  constant.  The  increase 
in  stresses  with  time  under  load  seemed  to  be  more  pronounced 
when  two  diagonally  opposite  panels  were  loaded  than  when  two 
adjacent  panels  were  loaded. 

The  effect  of  duration  of  loaded  condition  on  the  deformation 
in  the  concrete  and  in  the  reinforcement  is  summarized  in  Table  4. 
The  increases  shown  in  that  table  represent  the  average  changes 
for  all  gage  lines  in  the  panels  referred  to.     It  will  be  seen  that 
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the  increase  in  the  deformation  in  the  reinforcement  was  greater 
in  all  cases  than  that  in  the  concrete.  The  values  which  were 
used  to  obtain  the  averages  given  in  Table  4  were  consistent  and 
the  results  given  are  not  influenced  greatly  by  extreme  values. 

TABLE  4. — Average  Increase  in  Unit  Deformation  Due  to  Long- Continued  Loading. 
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In  other  investigations  of  effect  of  time  under  load  it  has  been 
found  that  the  increase  in  the  deformations  in  the  concrete  has 
been  greater  than  those  in  the  reinforcement.  In  laboratory  tests 
made  by  the  Bureau  of  Public  Roads  2  it  was  found  that  the 
increase  in  the  deformation  in  the  concrete  in  34  days  under 
constant  load  was  twice  as  great  as  that  in  the  reinforcement,  and 
results  found  at  the  University  of  Minnesota  3  showed  increases 
in  the  deformation  in  the  concrete  as  much  as  10  times  that  in  the 
reinforcement.  A  test  of  a  reinforced  concrete  flat  slab  showed4 
an  increase  in  the  deformations  in  the  concrete  about  50  per  cent 
greater  than  the  corresponding  increase  for  the  reinforcement 
when  the  slab  had  sustained  a  constant  load  for  about  56  hours. 

The  reason  for  the  fact  that  in  the  Arlington  Building  the  increase 
of  the  deformation  in  the  reinforcement  was  greater  than  that 
in  the  concrete  is  not  apparent,  but  attention  is  directed  to  certain 
features  which  in  any  case  may  be  expected  to  affect  the  defor- 
mation under  continued  load  and  which  may  have  been  factors 
in  the  case  under  consideration. 

1 .  The  stress  in  the  reinforcement  at  the  beginning  of  the  period 
of  constant  load  was  small,  and  progressive  cracking  of  the  con- 
crete on  the  tension  side  would  be  expected.  This  would  also 
add  to  the  tensile  stress  in  the  reinforcement. 

2.  The  clay  tiles,  by  yielding  less  than  the  concrete,  would  permit 
less  compressive  deformation  under  continued  load. 

2  Earl  B.  Smith,  "The  flow  of  concrete  under  sustained  load,"  Proc.  Amer.  Cone.  Inst.,  13,  p.  99;  1917. 

3  Franklin  R.  McMillan,  "Shrinkage  and  time  effects  in  reinforced  concrete,"  Studies  in  Engineering, 
No.  3,  University  of  Minnesota;  1915. 

4  Talbot  and  Slater,  Tests  of  Reinforced  Concrete  Flat  Slab  Structures,  Bull  84,  University  of  Illinois, 
Eng.  Exp.  Sta.;  1916. 
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The  relative  importance  of  these  two  factors  would  depend 
upon  the  percentage  of  reinforcement  and  the  relative  plasticity 
of  the  concrete  and  tile.  The  percentage  of  reinforcement  in 
these  slabs  was  so  small  and  the  position  of  the  negative  reinforce- 
ment so  low  5  that  the  large  increases  in  tensile  deformations  were 
to  be  expected. 

In  Figure  26  (a)  the  deformation  in  compression  and  in  tension 
at  certain  gage  lines  in  panels  E  and  F  is  shown  in  such  a  way  as 
to  indicate  the  effect  on  the  position  of  the  neutral  axis  and  on  the 
resisting  moment  of  the  tensile  stresses.  In  Figure  26  (b)  the 
average  deformations  for  all  the  gage  lines  in  panels  E  and  F  are 
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Fig.  26. — Effect  of  time  under  load  on  the  position  of  neutral  axis. 
Time  under  load:  Panel  E,  92  hours;  panel  F,  20  hours.     The  increase  in  the  deformation  in  the  reinforce- 
ment was  greater  in  all  cases  than  that  in  the  concrete. 

shown  in  this  way.  For  the  average  case  in  panel  E  (see  Fig.  26  b) 
it  will  be  seen  that  the  position  of  the  neutral  axis,  and  therefore 
the  value  of  jd  (see  Sec.  Ill,  4)  was  not  changed  by  the  change 
in  deformations.  In  panel  F  the  neutral  axis  was  raised  and 
therefore  the  value  of  jd  was  increased.  Since  the  tensile  stress 
in  the  reinforcement  in  both  panels  was  increased  by  the  con- 
tinued load,  the  moment  resisted  by  the  tensile  stresses  must 
also  have  increased.  Figure  27  shows  the  increases  in  the  moment 
coefficients  due  to  the  continuation  of  the  load. 

3.  CRACKS. 

The  location  of  the  principal  cracks,  with  the  series  number  at 
which  they  were  observed  marked  on  the  crack,  are  shown  in 

6  While  the  average  distance  from  the  top  of  the  slab  to  the  center  of  the  negative  reinforcement  was  2% 
inchesf  or  the  tested  panels  having  concrete  topping,  in  other  parts  of  the  building  it  was  less  but  irregular. 
The  irregularity  of  this  distance  was  due  to  the  manner  of  forcing  the  loose  bars  into  the  concrete  after  it 
had  been  poured. 
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Figures  12  and  13.  The  cracks  shown  by  a  solid  line  were  on 
the  upper  side  and  those  shown  by  dotted  lines  on  the  lower  side 
of  the  slab. 

The  distribution  of  the  cracks  furnishes  an  indication  of  the 
distribution  of  the  stresses  at  an  early  stage  of  the  test.  In 
panel  B,  which  was  the  first  panel  loaded,  diagonal  cracks  below 
the  slab  and  extending  into  the  corners  of  the  panel  were  first 
observed.  They  occurred  at  about  the  same  time  as  the  cracks 
across  the  corners,  and  the  cracks  at  right  angles  to  those  on  the 
bottom  appeared  on  the  top  of  the  slab.  The  cracks  on  the  top  of 
the  slab  extended  well  out  into  the  unloaded  panels.  Cracks  along 
the  supporting  girders  on  the  top  of  the  slab  occurred  later. 

The  sequence  and  general  arrangement  of  the  cracking  in  panels 
A,  C,  and  D  are  somewhat  obscured  by  the  cracks  which  had  been 
caused  by  loads  on  adjacent  panels  before  these  panels  were  loaded. 

In  the  oblong  panels  most  of  the  cracks  developed  in  the  slabs 
were  found  on  the  top  and  these  were  generally  along  the  beams. 
This  is  particularly  well  brought  out  in  the  case  of  panel  E.  The 
behavior  of  this  panel  was  very  similar  to  that  of  panel  D,  which 
is  also  oblong.  The  tension  cracks  below  the  slabs  were  across  the 
short  reinforcement  in  the  middle  of  a  panel  (thus  showing  the 
greater  stresses  in  that  direction) ,  and  toward  the  ends  of  the  panel 
they  assumed  a  diagonal  direction  passing  through  the  columns. 

In  the  case  of  panel  D,  and  in  other  cases  to  a  less  degree,  a 
large  number  of  cracks  was  observed  on  the  beams.  They 
appeared  on  both  sides  when  the  load  was  symmetrical  and  only 
on  the  inner  side  when  the  load  was  not  symmetrical.  The  lack 
of  cracks  on  the  outer  side  in  this  case  indicates  the  torsion  of 
beams  and  greater  deflection  on  the  inner  edges. 

Although  the  load  on  the  beams  supporting  panel  E  was  not 
symmetrical  they  did  not  show  these  torsional  effects.  This  was 
probably  due  to  the  fact  that  in  the  long  beam  where  the  cracks 
were  expected  there  were  two  I  beams  side  by  side  with  three  1  %- 
inch  square  bars  additional,  whereas  the  other  beams  referred  to 
had  only  one  I  beam. 

The  discussion  in  Section  III,  4,  indicates  the  importance  of 
the  relation  between  the  location  of  cracks  and  the  distribution  of 
the  stresses.  This  relation  is  brought  out  strikingly  by  a  com- 
parison, for  positions  of  equal  moment,  of  stresses  at  a  crack  with 
stresses  at  a  short  distance  from  the  crack.  This  comparison  is 
made  for  stresses,  due  to  the  negative  moment  in  the  slab,  close  to 
the  center  of  the  supporting  girders  between  panels  A  and  B 
and  between  panels  C  and  D.     The  amount  of  reinforcement  was 
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the  same  for  all  these  positions  and  the  distance  from  the  top  of 
slab  to  the  center  of  steel  was  about  2 %  inches.  The  thicknesses 
of  the  slabs  in  these  panels  were:  A,  5.79  inches;  B,  5.58  inches; 
C,  6.83  inches,  D,  6.81  inches.  The  thicknesses  of  slabs  on  which 
comparisons  are  based  were  nearly  enough  the  same  .that  the 
comparisons  may  be  made  without  corrections  for  the  difference 
in  slab  thickness.  The  stresses  and  the  gage  lines  at  which  they 
occurred  are  shown  in  Table  6. 

From  this  study  it  will  be  obvious  that  in  a  test  of  this  kind 
the  deformations,  though  measured  at  positions  of  maximum 
moment,  will  fall  far  short  of  showing  the  maximum  stresses, 
unless  gage  lines  are  located  across  or  very  close  to  the  principal 
cracks.  Even  then  the  actual  stresses  may  be  considerably 
higher  than  those  indicated  by  the  strain-gage  measurements  on 
account  of  considerable  gage  length  (8  inches)  as  compared  with 
the  portion  of  bar  where  high  stresses  are  developed. 

4.  STRESSES  AND   MOMENTS. 

In  Table  5  and  Figures  27  to  30  are  given  the  values  of  moment 
coefficients  calculated  according  to  the  formula 

K  =  Asjd(f8  +  f's),'Wb. 
where   K  =  the  moment  coefficient. 

A  a  =  total  sectional  area  in  square  inches  of  reinforcement 

extending  in  one  direction  of  the  panel. 
/„  =  observed  stresses  in  steel,  lbs. /in.2 

/'a  =  estimated    dead    load    stress    of    1,000    lbs. /in.2    The 
exact  value  is  not  known,  but  it  is  small  and  for 
percentage  of  reinforcement  used  may  be  considered 
about  1,000  lbs. /in.2 
j  =  ratio  of  lever  arm  of  resisting  couple  to  depth  d. 
d  =  the  depth  in  inches  from  the  compression  surface  to 
the  center  of  the  tension  reinforcement. 
W  =  total  dead  and  live  load  on  the  panels,   in  pounds, 
multiplied  by  the  ratio  of  the  product  of  the  clear 
spans  to  the  product  of  the  spans  center  to  center 
of  columns.     This  would  be  the  load  on  the  area 
bounded  by  the  edges  of  girders  if  the  load  were 
uniformly  distributed  and  all  aisles  eliminated. 
6  =  short  panel  length,  in  inches  between  edges  of  girders. 
It  will  be  noted  that  the  coefficients  are  given  in  terms  of  the 
short  span.     This  permits  a  direct  comparison  of  moments  in  the 
two  directions  and  has  been  used  in  other  publications  which  are 
concerned  with  this  question.     The  load  used  for  computing  the 
moment  coefficients  is  somewhat  less  than  the  live  and  dead  load 
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actually  on  the  slab  and  may  be  termed  the  equivalent  uniformly 
distributed  load,  although  it  is  not  known  how  close  the  approxi- 
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Fig.  27. — The  effect  of  time  under  load  on 
moment  coefficients. 
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Fig.  28. — The  effect  of  increase  of  load  on 
moment  coefficients. 


mation  is.     The  necessity  for  the  correction  arises  from  the  fact 
that  the  presence  of  the  aisles  has  a  tendency  to  throw  the  resultant 
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Fig.  29. — The  effect  of  length  of  panel  on 
moment  coefficients.     Load,  335  lbs. /ft.2 
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Fig.  30. — The  effect  of  length  of  panel  on 
moment  coefficients  (for  maximum  positive 
and  maximum  negative  moments). 

of  the  loads  in  a  half  panel  too  close  to  the  support  to  give  the 
same  moment  as  would  be  obtained  with  a  uniform  load. 

It  will  be  observed  that  these  coefficients  are  all  very  small  in 
comparison  with  those  used  for  design  or  with  those  found  by 
analysis.6 

6  Westergaard  and  Slater,  '  'Moments  and  stresses  in  slabs,"  17,  Proc.  Am.  Cone.  Inst.,  pp.  430-436,  Figs.  3, 
to  8;  1921. 
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It  should  be  remembered,  however,  that  some  of  the  panels 
were  not  loaded  so  as  to  produce  maximum  moments  in  some 
critical  sections.  Panel  C  was  not  loaded  so  as  to  produce  maxi- 
mum positive  moments  and  panels  E  and  F  were  not  loaded  so 
as  to  give  the  maximum  negative  moments.  The  values  of  K 
for  gage  lines  E40N  and  E4E  would  probably  have  been  doubled 
by  loading  the  adjacent  panels.  The  experimental  moment 
coefficients  for  a  concrete  structure  are  generally  small,  particu- 
larly when  the  test  is  not  carried  to  destruction.  The  total 
moment  accounted  for  by  the  measured  stresses  in  this  test  varies 
from  about  0.03  to  over  o.o^Wb  for  various  conditions  of  loading. 
These  values  compare  favorably  with  results  of  other  tests.  The 
lower  the  stresses  and  the  smaller  the  percentage  of  reinforce- 
ment the  smaller  are  the  coefficients.  Under  such  conditions  the 
concrete  carries  a  relatively  large  proportion  of  the  tensile 
stresses,  and  the  steel  stresses,  upon  which  the  coefficients  are 
based,  are  therefore  reduced.  The  fact  that  the  concrete  did 
carry  a  considerable  proportion  of  the  stress  is  brought  out 
clearly  by  a  comparison  of  the  stresses  in  gage  lines  at  cracks 
and  at  a  short  distance  from  the  cracks.  (See  Table  6.)  That 
the  formation  of  a  crack  across  a  gage  line  affects  the  stress  may 
be  seen  in  Figure  17.  Between  series  15  and  16  the  load  on 
panel  D  was  increased  from  190  to  285  lbs. /ft.2,  or  50  per  cent, 
whereas  the  stresses  in  gage  lines  D5E,  D6E,  D7E,  and  D8E  in- 
creased from  2,500  to  8,200  lbs. /in.2,  or  228  per  cent.  Figure  12 
shows  that  a  crack  occurred  within  or  close  to  these  gage  lines 
between  series  15  and  16.  Due  to  this  same  change  in  load  the 
stresses  in  gage  lines  D29N,  D39N,  and  D49N  actually  decreased 
about  12  per  cent.  This  decrease  was  undoubtedly  due  to  the 
formation  of  a  crack  in  panel  C  which  permitted  the  rotation  of 
the  girder  and  relieved  the  stresses  in  panel  D.  Gage  line  C40N 
in  panel  C,  which  was  crossed  by  this  crack,  showed  the  expected 
increase  in  stress  with  load. 

The  coefficients  as  they  appear  in  the  table  are  not  proposed 
for  use  in  design.  Observed  stresses  are  always  too  small  for 
two  reasons.  The  observed  deformation  is  the  mean  over  the 
full  gage  length  and  is  less  than  the  maximum  value  at  the 
crack.  The  concrete  may  not  crack  immediately  and  will  there- 
fore carry  part  of  the  tensile  stresses  which  may  later  be  trans- 
ferred to  the  steel.  However,  the  coefficients  here  given  may  be 
of  value  in  showing  the  relative  amounts  of  bending  moment 
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carried  in  the  directions  of  the  short  and  the  long  spans,  respec- 
tively, and  also  the  proportions  carried  at  various  sections. 

TABLE  6. — Stresses  in  Steel  Near  the  Cracks. 

[Effect  of  cracks  upon  stresses  at  positions  of  equal  moment  with  load  of   190  lbs./ft.2  on  panels  A,  B, 

C,  and  D.] 


Position  of  maximum  negative  amount. 


Between  panels  A  and  B . 
Between  panels  C  and  D. 


Stress  at  crack. 


Gage 
line. 


B40N 
CtON 


Stress. 


Lbs./in.» 

16,000 
23,000 


Stress  12  inches 
from  crack. 


Gage 
line. 


A49N 
D49N 


Lbs./in.! 

4,000 
5,000 


5.  EFFECT  OF  SHAPE  OF  PANEL  ON  MOMENTS. 

Figure  29  shows  the  rather  marked  effect  on  the  moment  coeffi- 
cients of  the  variation  in  ratio  of  length  to  width  of  panels.  In 
that  figure  the  results  for  single  panel  loads  7  of  335  lbs. /ft.2  on 
panels  B,  D,  and  E  are  given.  The  ratios  of  length  to  width  for 
these  panels  were  1.05,  1.38,  and  1.86,  respectively.  The  vari- 
ability of  a  number  of  conditions  surrounding  the  tests  prevents 
the  use  of  other  than  those  three  panels  for  this  comparison. 
The  method  of  computing  the  moment  coefficients  is  given  in 
Section  III,  4. 

A  study  of  Figure  29  indicates  that  the  increase  in  ratio  of 
length  to  width  of  panel  was  accompanied  by  (a)  a  rapid  increase 
of  both  the  positive  and  the  negative  moments  in  the  direction 
of  the  short  span,  and  (6)  a  less  rapid  change  of  both  the  positive 
and  the  negative  moments  in  the  direction  of  the  long  span. 
Figure  29  is  based  on  moment  coefficients  for  the  middle  of  the 
panels  and  across  the  middle  of  the  beams.  These  are  not  always 
the  greatest  coefficients,  but  are  intended  to  show  their  relations 
at  similar  positions.  Figure  30  shows  the  effect  of  increase  in 
ratio  of  length  to  width  of  panel  on  the  coefficients  given  in  Table  4. 

6.  DEFLECTIONS. 

[All  the  series-deflection  curves  are  shown  in  Fig.  18.] 

Figures  19  to  22  show  to  exaggerated  vertical  scale  the  profiles 
of  vertical  longitudinal  sections  through  the  girders  and  along  the 
center  lines  of  the  panels  for  various  conditions  of  loading. 

7  There  was  a  load  on  panel  B  at  the  same  time  that  the  load  was  on  panel  D  and  Section  III,  1,  indi- 
cates that  the  effect  of  one  panel  upon  the  other  may  have  been  appreciable.  However,  the  form  which 
the  curves  of  Figure  29  take  indicates  that  the  inclusion  of  panel  D  in  this  comparison  is  justified. 
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The  results  of  measurements  showed  that  deflections  diminished 
with  the  increase  of  the  ratio  of  sides  (panels  B,  D,  and  E).  But 
it  should  be  noted  that  the  panels  tested  are  not  directly  com- 
parable, as  they  differ  in  thickness  (5.58,  6.81,  and  7.30  inches 
for  panels  B,  D,  and  E,  respectively).  The  supporting  beams 
are  different  in  general  dimensions  and  reinforcement.  Also, 
while  panels  B  and  E  were  loaded  singly,  panel  D  was  loaded 
simultaneously  with  panel  B,  and  this  may  account  for  certain 
influence  on  the  stresses  and  deflections  in  panel  D,  as  two  diago- 
nally opposite  panels  can  not  be  considered  as  independent  of 
one  another.     (See  earlier  conclusions  on  this  subject.) 

(a)  EFFECT  OF  TIME. 

The  deflection  curves  of  Figure  18  for  singly  loaded  panels  E, 
F,  and  B  show  that  at  all  points  the  time  under  load  had  the 
same  effect  on  deflections  as  on  the  stresses;  that  is,  the  deflec- 
tions increased  rapidly,  and  then  more  and  more  slowly  when  the 
load  remained  constant. 

(b)  RESIDUAL  DEFLECTIONS. 

Measurement  of  the  deflections  upon  the  removal  of  loads 
showed  residual  deflections  which  were  as  given  in  Table  7. 

TABLE  7. — Residual  Deflections  at  Centers  of  Panels. 


Load 
causing 

maxi- 
mum de- 
flection. 

Time, 
under 
maxi- 
mum 
load. 

Maxi- 
mum de- 
flection. 

Deflection  (hours  after  removal  of  load). 

Panel. 

0 

24 

48 

0 

24 

48 

Residual. 

Ratio  of  residual  to  maxi- 
mum. 

A 

Lbs./ft." 

A-190 

f     B-285 

\     D-380 

f     A-190 

B-190 

1     C-190 

I     D-190 

J     D-380 

\     B-285 

E-335 

F-285 

Hours. 
146 

118 

Inch. 
0.25 
.61 

Inch. 
0.115 

Inch. 

0.105 
.088 

Inch. 
0.095 
.095 

Inch. 

0.460 

Inch. 
0.420 
.140 

Inch. 

0.380 

.156 

94 

.16 

.055 

.344 

C 

17 

.55 

.225 

.410 

D 

E 

92 
?.f) 

.48 
.29 

.205 
.120 

.180 
.110 

.428 

.414 

.375 
.380 

F 

Avera 

.147 

.127 

.095 

.434 

.345  1            .268 

The  number  of  hours  after  the  removal  of  load  as  stated  in  that 
table  is  only  approximate.  For  panels  A,  E,  and  F,  the  only 
ones  for  which  the  deflections  immediately  after  removal  of  load 
are  known,  there  was  an  immediate  recovery  of  more  than  50 
per  cent  of  the  deflection.     For  panel  B  for  some  unexplained 
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reason  there  was  a  small  increase  in  deflection  between  24  and 
48  hours  after  removal  of  load.  For  panels  C  and  D  the  behavior 
with  continued  time  after  removal  of  load  is  not  known.  For  the 
other  panels  there  was  a  continued  recovery.  The  behavior 
seems  to  be  quite  well  shown  by  the  average  deflections  at  the 
different  times  after  removal  of  load. 

CO  EFFECT  OF  LOADING  CONDITIONS. 

Figures  19  and  21  show  that  the  radius  of  curvature  of  a  section 
across  the  middle  of  the  girder  between  panels  B  and  C  was 
smaller  when  panels  B  and  D  were  loaded  than  when  only  panel 
B  was  loaded.  Similarly  the  radius  of  curvature  of  a  section 
across  the  middle  of  the  girder  between  panels  A  and  B  was  smaller 
when  panels  B  and  D  were  loaded  than  when  only  panel  B  was 
loaded.  These  facts  are  consistent  with  the  conclusions  obtained 
from  a  study  of  stresses  in  the  reinforcement,  that  when  panels 
B  and  D  diagonally  opposite  the  same  column  were  loaded  the 
effect  of  the  load  on  either  panel  on  the  stresses  in  the  other  panel 
was  appreciable. 

However,  the  time  effect  of  standing  under  load  may  be  re- 
sponsible for  a  considerable  part  of  the  decrease  in  radius  of 
curvature.  The  marked  increase  in  deflection  at  the  center  of 
panel  B  shown  in  Figure  21  over  that  for  Figure  19  can  scarcely 
be  considered  an  effect  of  loading  panel  D,  and  this  increase  in 
deflection  is  an  important  element  in  the  decrease  in  the  radius 
of  curvature  pointed  out  above. 

The  effect  of  the  load  on  panel  D  was  to  decrease  the  deflection 
of  the  east  and  south  supporting  girders  of  panel  B  by  17  per 
cent  and  16  per  cent,  respectively. 

IV.  SUFFICIENCY  OF  CONSTRUCTION  FOR  DESIGN  LOAD. 

As  stated  in  Section  I,  the  slab  was  intended  to  support  a  live 
load  of  100  lbs. /ft.2  and  the  weight  of  the  slab  was  about  50  lbs. /ft.2 
An  examination  of  the  data  obtained  on  four  panels,  A,  B,  C,  and 
D  under  the  four-panel  load  of  240  lbs. /ft.2  (live  plus  dead),  shows 
that  the  average  measured  stress  in  the  reinforcement  for  sections 
of  maximum  positive  moment  and  maximum  negative  moment 
was  7,300  lbs. /in.2  The  highest  single  stress  at  a  position  of 
negative  moment  was  26,600  lbs. /in.2  and  the  highest  at  a  position 
of  positive  moment  was  12,500  lbs./in.2  It  has  been  pointed  out 
in  Section  III,  3,  that  the  intensity  of  a  measured  stress  in  the 
reinforcement  is  greatly  affected  by  the  proximity  of  cracks  to 
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the  point  of  measurement.     The  average  measured  stress  in  gage 
lines  crossed  by  cracks  was  about  19,500  lbs./in.2 

A  study  of  data  of  tests  of  simple  beams  having  about  the  same 
percentage  of  reinforcement  as  that  of  the  slab  here  considered 
indicates  that  the  load  at  failure  (that  is,  at  a  stress  of  40,000 
lbs. /in.2  in  the  reinforcement)  would  be  about  33  per  cent  greater 
than  the  load  required  to  cause  a  stress  of  18,000  lbs. /in.2  If 
after  reaching  a  stress  of  18,000  lbs./in.2  in  the  slab  under  con- 
sideration the  rate  of  increase  of  stress  were  the  same  as  for  those 
simple  beams,  the  load  required  to  cause  failure  would  be  1.33 

X240,  or  319  lbs.yft.2    This  would  give  a  factor  of  safety  of  — -, 

I5° 
or  2.13. 

For  several  reasons  it  seems  that  there  probably  was  greater 
strength  in  the  slab  than  would  appear  from  this  method  of  analy- 
sis.    These  are  as  follows : 

1.  The  stresses  on  which  the  estimated  ultimate  load  was 
based  were  those  produced  by  negative  moment.  The  stresses 
due  to  positive  moment  were  considerably  smaller  and  conse- 
quently as  far  as  the  collapse  of  the  structure  is  concerned  a 
reserve  of  strength  was  present  which  would  be  available  when- 
ever the  yield  point  in  positions  of  negative  moment  is  reached. 
No  such  reserve  strength  was  present  in  the  simple  beams  on 
which  the  comparison  is  based. 

2.  In  a  test  of  a  similar  construction  at  Waynesburg,  Ohio,8 
the  reserve  strength  referred  to  under  (1)  was  found  to  be  very 
large.  It  is  not  possible  to  state  just  what  percentage  this  re- 
serve strength  in  the  Waynesburg  test  amounted  to,  but  after 
reaching  a  stress  of  40,000  lbs./in.2  in  positions  of  negative  mo- 
ment, approximately  100  per  cent  additional  load  was  required 
to  bring  the  stress  in  the  positive  reinforcement  to  the  same 
amount. 

3.  The  estimated  factor  of  safety,  2.13,  was  based  on  the  results 
of  the  test  of  six  panels.  It  must  be  borne  in  mind  that  the 
position  of  the  negative  reinforcement  in  the  rest  of  the  building 
was  more  favorable  (see  footnote  on  p.  431)  and  therefore  the 
moments  resisted  by  the  negative  reinforcement  might  be  ex- 
pected to  be  higher. 

It  is  of  interest  to  point  out  that  present  practice  would  assign 
a  considerably  smaller  working  load  to  this  structure.  By  the 
recommendations  of  the  final   (19 16)   report  of  the  Joint  Com- 

1  B.  S.  Tech.  Paper  No.  220. 
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mittee  on  Concrete  and  Reinforced  Concrete  9  the  safe  total 
live  and  dead  load  for  this  slab  would  be  59  lbs. /ft.2  for  panels 
A  and  B  and  56  lbs. /ft.2  for  panels  C  and  D. 

In  the  test  of  panel  E  no  adjacent  panels  were  loaded.  Under 
the  maximum  test  load  of  383  lbs./ft.2  (live  and  dead)  the  maxi- 
mum observed  tensile  stresses  in  the  slab  reinforcement  in  the 
short  span  were  27,000  lbs. /in.2  due  to  positive  moment,  and 
7,000  lbs./in.2  due  to  negative  moment.  The  maximum  stresses 
in  the  long  span  were  13,000  lbs./in.2  due  to  positive  moment 
and  19,200  lbs./in.2  due  to  negative  moment. 

The  recommendation  of  the  final  (19 16)  report  of  the  joint 
committee  would  make  no  recognition  of  strength  added  to  this 
panel  by  the  reinforcement  in  the  direction  of  the  long  span, 
since  that  span  is  more  than  1.5  times  the  short  span.  The 
total  allowable  live  and  dead  load  by  that  recommendation 
would  be  39  lbs./ft.2 

For  positive  moment  the  maximum  stress  in  the  long  span 
was  about  one-half  as  great  as  that  in  the  short  span.  For  nega- 
tive moment  the  maximum  stress  in  the  long  span  was  more 
than  twice  as  great  as  that  in  the  short  span.  The  sum  of  the 
maximum  positive  and  maximum  negative  moments  resisted  in 
the  direction  of  the  long  span  appears  to  have  been  about  50 
per  cent  of  that  resisted  in  the  short  span. 

The  highest  tensile  stress  found  in  panel  F  under  the  test 
load  of  335  lbs./ft.2  was  19,500  lbs./in.2  This  was  a  negative- 
moment  stress  in  the  slab  reinforcement  extending  in  the  direc- 
tion of  the  long  span. 

The  highest  stress  due  to  positive  moment  was  in  the  direction 
of  the  short  span  and  amounted  to  14,000  lbs./in.2  This  panel 
had  no  column  at  the  southeast  corner  and  a  comparison  with 
design  standards  is  difficult. 

The  previous  analysis  is  a  discussion  of  the  stresses  observed  in 
the  reinforcement  of  the  slab.  Because  of  lack  of  information  as 
to  the  modulus  of  elasticity  and  strength  of  the  concrete  the  ob- 
served deformations  in  the  concrete  are  of  less  significance  than  are 
those  in  the  reinforcement.  However,  the  information  available 
is  sufficient  to  show  that  the  compressive  stresses  in  the  concrete 
and  in  the  tiles  were  not  critical  nor  more  severe  relatively  than 
those  in  the  steel.  The  maximum  observed  unit  deformation 
was  0.0005  and  this  occurred  at  a  position  of  negative  moment  in 

9  Representing  American  Society  of  Civil  Engineers,  American  Railway  Engineering  Association,  Ameri- 
can Society  for  Testing  Materials,  and  American  Concrete  Institute  and  Portland  Cement  Association. 
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panel  C  at  a  place  where,  as  pointed  out  in  Section  III,  3,  the 
stress  in  the  reinforcement  was  unusually  large  on  account  of  the 
proximity  of  a  crack  in  the  concrete. 

The  data  for  the  stresses  in  the  girders  are  given  in  Table  8. 
The  maximum  stresses  in  the  steel  beam  between  panels  B  and  A 
were  11,500  lbs./in.2  in  tension  (middle  of  the  beam)  and  9,500 
lbs. /in.2  in  compression  (near  the  column).  The  stresses  in  the 
beam  between  panels  B  and  C  were  10,300  lbs./in.2  in  tension  and 
8,000  lbs./in.2  in  compression.  All  of  these  stresses  were  due  to  a 
live  load  of  190  lbs./in.2  on  all  four  panels  (A,  B,  C,  and  D).  The 
lintel  beam  in  panel  B  showed  a  marked  torsion  effect.  A  large 
crack  (about  one-eighth  inch)  was  found  extending  almost  continu- 
ously around  the  beam  at  each  end.  The  appearance  of  such 
cracks  in  the  lower  portion  of  the  beam  might  be  attributed  to 
diagonal  tension,  but  the  cracks  above  the  level  of  the  floor  slab 
are  plainly  due  to  torsion.  The  fact  that  the  cracks  on  the  top 
of  the  beam  have  a  slope  of  approximately  45  °  inward  and  toward 
the  near  support  indicates  that  the  twisting  action  at  the  top  of 
the  beam  was  toward  the  panel.  The  distortion  in  the  beam  was 
plainly  visible. 

TABLE  8. — Maximum  Stresses  in  Steel  and  Concrete  in  Girders. 

[The  minus  sign  indicates  compression  in  steel.    Modulus  of  elasticity  of  concrete=3,000,000  lbs./in.8] 


Panel. 

Gage 
line. 

Steel — Stresses  in 
the     I     beams, 
pounds    per 
square  inch. 

Concrete — Com- 
pressive stresses, 
poundsper  square 
inch. 

B 

(40E-... 
h0E... 
190E... 

[9<-N... 
{92N... 
190N... 

[49E... 
^29E... 
119E... 

(4N.... 
^7N.... 
l9N.... 

(94N... 
{9m... 
191N... 

f40Es.. 

40EN.. 
•UN.... 

49E9-- 
l49EN. . 

/94N... 
\90E... 

Ser.  25. 

1  11,500 

1,000 

-8,200 

1  10,300 

2,600 

-5,800 

Ser.  19. 

1  13, 500 

7,500 

-2,400 

Ser.  28. 

1 18, 400 

5,300 

-11,000 

Ser.  48. 

1  15,700 

10, 200 

2,500 

1  13, 000 
10, 400 

1  13,000 
10,400 

1  10, 700 

Ser.  41. 
1  10, 400 
1  5, 400 

Ser.  28. 

10, 500 

500 

1-9,500 

8,000 

2,900 

1-8,000 

12,000 

3,700 

1-9,000 

Ser.  24. 

16, 300 

6,000 

1-14,600 

Ser.  33. 
6,500 
1,200 

i-2,500 

Ser.  25. 
930 
570 

Ser.  28. 
960 
540 

B  .                                             

600 
300 

600 
360 

D 

Ser.  19. 

720 

1,110 

840 
1,230 

D 

Ser.  28. 
780 
480 

Ser.  24. 
930 
540 

E 

Ser.  48. 
510 
360 

Ser.  33. 
270 
180 

510 
720 

E 

420 
Ser.  41. 

210 

maximum  stress. 
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The  greatest  tensile  and  compressive  stresses  in  the  I-beam 
reinforcement  were  found  in  the  beam  between  the  panels  A  and  D. 
These  stresses  were  18,400  lbs. /in.2  for  tension  (middle  of  the  beam) 
and  14,600  lbs. /in.2  for  compression  (near  the  column).  The 
maximum  tensile  stress  corresponded  to  the  live  load  of  190  lbs. /ft.2 
on  all  four  panels  and  the  maximum  compressive  stress  to  the  load 
of  285  lbs. /ft.2  on  panel  A  and  308  lbs. /ft.2  on  panel  D.  The  fact 
that  the  maximum  tension  did  not  correspond  to  the  maximum 
load  on  adjacent  panels  may  be  due  to  the  time  effect  and  to  the 
cracks. 

In  this  and  other  cases,  as  may  be  seen  from  the  table,  maximum 
tension  never  came  simultaneously  with  the  maximum  compres- 
sion and  the  advent  of  either  one  of  these  maxima  was  accom- 
panied by  the  decrease  of  other  stress.  The  stresses  in  the  beam 
between  the  panels  D  and  C  were  13,500  lbs. /in.2  (tension)  and 
9,000  lbs. /in.2  (compression). 

The  maximum  stresses  in  the  beams  in  panel  E  were  15,700, 
13,000,  13,000  and  10,700  lbs. /in.2  (tension)  and  2,500  lbs./in.2 
(compression).  These  were  due  to  a  single  panel  load  and  would 
probably  be  doubled  by  loading  adjacent  panels  to  the  same 
intensity. 

In  panel  F  the  only  measured  stress  available  for  comparison 
with  these  was  10,400  lbs./in.2  (tension)  and  corresponded  to  a 
single  panel  load  of  284  lbs. /ft.2 

The  average  maximum  recorded  compressive  stress  in  concrete 
(assuming  the  modulus  of  elasticity  of  concrete  in  the  beams 
3,000,000  lbs./in.2)  was  about  600  lbs./in.2  and  the  maximum 
recorded  (in  panel  D)  1,230  lbs./in.2  From  the  preceding  con- 
siderations it  appears  that  the  structure  has  a  factor  of  safety  over 
2  as  based  on  a  single  loading  extending  over  a  limited  period  of 
time,  although  its  actual  value  is  not  known.  However,  the 
estimated  factor  of  safety  is  considerably  below  those  obtaining 
for  reinforced  concrete  structures  designed  according  to  good 
practice,  and  the  building,  therefore,  can  not  be  expected  to  have 
as  large  reserve  strength.  Also,  even  under  normal  loads,  more 
strain  effects,  such  as  visible  tension  cracks,  will  be  present. 

The  effect  of  time  under  constant  load,  though  being  the  greatest 
during  the  first  few  days,  can  not  be  considered  as  negligible  after- 
wards. It  has  been  found  from  other  tests  that  the  increase  of 
deformations  in  a  loaded  structure  is  liable  to  go  on  for  a  very 
considerable  length  of  time.     No  attempt  was  made  in  this  test 
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to  study  the  effect  of  repeated  loading,  which  would  be  expected 
with  time  to  lower  the  resistance  of  the  floor. 

An  inspection  of  the  building  after  three  and  one-half  years  of 
service  showed  in  a  number  of  panels  diagonal  cracks  extending 
from  the  columns  several  feet  toward  the  middle.  Cracks  were 
found  also  across  some  of  the  beam  stems.  These  panels  had  live 
loads  of  from  25  to  35  lbs./ft.2,  although  they  may  have  had  greater 
loads  at  some  previous  time. 
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AERONAUTIC  INSTRUMENTS. 

By  Franklin  L.   Hunt. 


ABSTRACT. 

The  purpose  of  this  paper  is  to  describe  briefly  the  various  types  of  aircraft  instru- 
ments which  have  reached  a  state  of  development  such  that  they  have  found  extensive 
use  in  service.  These  are  grouped  in  accordance  with  the  outline  given  immediately 
below.  A  general  description  of  representative  instruments  of  the  various  types  is 
given,  which  will  be  useful  to  a  person  who  wishes  to  familiarize  himself  with  the 
different  instruments  used  on  aircraft  but  is  not  interested  in  the  mechanical  details 
of  their  construction. 
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I.  INTRODUCTION. 

The  instrument  equipment  of  modern  aircraft  ordinarily  con- 
sists of  a  group  of  10  or  more  instruments  which  are  located  on  an 
instrument  board  in  front  of  the  pilot.  They  serve  to  assist  him 
in  the  control  of  the  altitude,  speed,  and  orientation  of  the  air- 
craft and  the  behayior  of  the  engine.  In  addition  to  the  regular 
equipment  special  instruments  are  frequently  installed,  such  as 
navigating  instruments,  where  long-distance  flights  are  to  be 
made;  experimental  instruments  for  airplane  performance  tests; 
or  instruments  for  military  use.  The  purpose  of  this  paper  is  to 
describe  briefly  the  various  types  of  aircraft  instruments  which 
have  reached  a  state  of  practical  development  such  that  they 
have  found  extensiye  use  in  sen-ice.1  These  may  be  conyeniently 
considered  in  the  order  mentioned  aboye.  A  group  of  typical 
airplane  instruments  is  shown  in  Figure  1. 

II.  ALTITUDE  INSTRUMENTS. 
1.  ALTIMETERS. 

Altimeters  are  used  to  indicate  the  altitude  of  aircraft.  They 
are  the  same  in  principle  as  aneroid  barometers  and  have  as  the 
essential  working  element  a  corrugated  metal  capsule  from  which 
the  air  is  exhausted  and  which  is  maintained  distended  by  an 
external  or  an  internal  spring.  With  decreasing  atmospheric 
pressure,  such  as  is  experienced  when  an  aircraft  climbs,  the 
evacuated  capsule  expands  under  the  action  of  the  spring.  This 
motion,  which  is  very  small,  amounting  to  only  a  few  thousandths 
of  an  inch,  is  multiplied  by  a  suitable  transfer  mechanism  and 
used  to  operate  a  pointer  moving  over  a  circular  dial.  The 
dial  is  graduated  either  in  feet  or  in  meters  in  accordance  with 
some  empirical  mathematical  relation  between  the  atmospheric 
pressure  and  the  altitude.  The  dial  is  rotatable,  so  that  the  zero 
of  the  instrument  can  be  adjusted  for  fluctuations  in  ground-level 
barometric  pressure.  The  pressure-altitude  relation  used  in 
calibrating  American  altimeters  is  based  on  the  assumption  of  a 
uniform  air  column  temperature  of  io°  C.  and  the  corresponding 
mean  humidity.  It  is  calculated  from  the  constants  used  in 
Smithsonian  Meteorological  Tables  51  and  54,  fourth  reyised 
edition,   and  consequently  neglects  the  small  effect  due  to  the 

1  For  a  more  detailed  discussion  see  Reports  Xo.  125-132,  inclusive,  of  the  National  Advisory'  Committee 
for  Aeronautics,  1922. 
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variation  of  gravity.  This  relation  may  be  expressed  by  the 
formula 

H  =  62900  log10     p 

where  H  is  the  altitude  in  feet  and  P  the  barometric  pressure  in 
millimeters  of  mercury.  Practically  the  same  formula  is  used 
in  Great  Britain.     A  typical  altimeter  is  shown  in  Figure  2. 

2.  BAROGRAPHS. 

Barographs  are  the   same   in   principle  as  altimeters  but  are 
provided  with  a  recording  mechanism  which  gives  a  continuous 


Fig. 


-Friez  barograph. 


and  permanent  record  of  the  altitude  throughout  flight.  A  bat- 
tery of  corrugated  evacuated  capsules  is  ordinarily  used  instead 
of  a  single  capsule  as  in  the  altimeter,  and  interior  springs  are 
more  frequently  used  than  exterior  ones.  The  expansion  of  the 
battery  of  capsules  with  decrease  of  external  pressure  operates  a 
pointer,  which  carries  a  pen  and  makes  a  record  on  a  chart  attached 
to  a  drum  which  is  rotated  by  clockwork.  The  chart  is  graduated 
in  feet  or  meters  in  accordance  with  some  mathematical  pressure- 
altitude  relation,  usually  the  same  as  that  used  for  altimeters. 
Figure  3  shows  a  typical  aviation  barograph. 
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3.  STATOSCOPES. 

Statoscopes  are  used  more  frequently  in  lighter-than-air  craft 
than  on  airplanes.  They  provide  a  sensitive  means  of  indicating 
qualitatively  whether  an  aircraft  is  rising  or  falling  and  help  the 
aviator  to  maintain  horizontal  flight.  The  ordinary  type  consists 
of  a  closed  air  chamber,  which  is  connected  to  the  exterior  air 
through  a  glass  U-tube  containing  a  small  quantity  of  colored 
liquid,  thus  forming  a  trap  which  seals  the  air  in  the  container. 
Heat  insulation  is  used  to  prevent  the  expansion  and  contraction 
of  the  confined  air  with  changes  of  external  temperature.  When 
the  aircraft  rises  or  falls  the  pressure  of  the  air  inside  the  con- 
tainer becomes  greater  or  less  than  that  of  the  external  air, 
according  as  the  aircraft  is  ascending  or  descending,  and  as  a 
result  the  liquid  in  the  trap,  which  is  visible  to  the  aviator,  is  forced 
in  one  direction  or  the  other,  indicating  a  change  of  level.  When 
the  difference  in  pressure  becomes  sufficiently  great,  equilibrium 
is  reestablished  by  air  being  forced  past  the  liquid  in  the  trap, 
after  which  the  liquid  again  collects  in  the  trap  as  previously. 
The  frequency  with  which  the  air  is  forced  past  the  liquid  or,  as 
it  is  ordinarily  expressed,  the  rate  at  which  the  bubble  breaks  is 
a  rough  measure  of  the  rate  of  ascent  or  descent.  Statoscopes 
can  be  made  to  detect  changes  in  level  of  from  5  to  10  feet.  A 
typical  instrument  is  shown  in  Figure  4. 

III.  SPEED  INSTRUMENTS. 
1.  AIR-SPEED  INDICATORS. 

Air-speed  indicators  show  the  speed  of  aircraft  relative  to  the 
air.  They  give  the  speed  wTith  reference  to  the  ground  only  in 
the  absence  of  wind.  The  most  commonly  used  types  depend 
for  their  action  on  the  pressure  developed  in  suitably  constructed 
nozzles  by  the  impact  of  the  air  stream  caused  by  the  motion  of 
the  airplane  or  on  the  speed  of  rotation  of  small  cup  anemometers 
or  air  propellers.  The  indications  of  the  pressure  type  are  pro- 
portional to  the  density  of  the  air,  so  that  the  readings  depend 
on  the  altitude.  The  anemometer  type,  on  the  other  hand,  shows 
practically  no  altitude  effect.  In  the  most  usual  form  of  the 
pressure  type  the  pressures  developed  by  a  Pitot  or  Venturi 
nozzle  located  on  one  of  the  struts  of  the  airplane  is  indicated  by 
a  sensitive  gauge  which  is  located  on  the  instrument  board.  It 
is  also  necessary  to  determine  the  static  pressure  at  the  point 
where  the  Pitot  or  Yenturi  nozzle  is  located.     This  is  effected  by 
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using  what  is  known  as  a  static  head,  which  consists  of  a  straight 
tube  closed  at  the  end  with  a  concentric  ring  of  small  holes  or 
narrow  slots  at  the  sides.  This  tube  is  pointed  in  the  direction 
of  motion,  so  that  the  pressure  within  is  maintained  equal  to  that 


2    g 


of  the  undisturbed  air  without,  since  the  rush  of  air  past  the 
openings  at  the  side  of  the  tube  is  at  right  angles  to  these  openings. 
Typical  Pitot  and  Venturi  nozzles  are  shown  in  Figures  5  and  6. 
The  indicator,  which  is,  in  effect,  a  sensitive  pressure  gauge, 
ordinarily  consists  of  one  or  more  corrugated  metal  capsules 
inclosed  in  an  air-tight  case  or  of  an  air-tight  case  separated  by  a 
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membrane  of  rubber  or  doped  fabric  into  two  air-tight  chambers. 
The  dynamic  head  of  the  pressure  nozzle  is  connected  to  the 
diaphragm  capsule  and  the  static  head  to  the  air-tight  case  or 
in  the  doped  fabric  diaphragm  type  one  head  is  connected  to  each 
of  the  air-tight  chambers.     In  some  cases  a  combination  of  Pitot 


and  Venturi  nozzles  is  used  to  take  advantage  both  of  the  pressure 
developed  by  the  former  and  the  suction  by  the  latter.  Under 
these  circumstances  no  static  head  is  used,  the  Pitot  nozzle  being 
connected  to  one  of  the  air-tight  chambers  and  the  Venturi  to 
the  other.  The  differential  pressure  developed  by  the  nozzle 
causes  the  diaphragm  to  expand  or  contract  according  to  the 
magnitude  and  direction  of  the  excess  pressure.     This  motion  is 
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carried  bv  a  suitable  transfer  mechanism  to  the  pointer,  indicating 
corresponding  speeds  on  a  dial  which  is  graduated  in  miles  per 
hour  or  kilometers  per  hour  in  accordance  with  the  pressure-speed 
relation  of  the  nozzle  used.  Most  nozzles  of  the  Pitot  and  Venturi 
type  obey  the  so-called  pv2  law;  that  is,  the  pressure  developed  is 


Fig.  7. — Foxboro  bellows  diaphragm  air-speed  indicator. 

proportional  to  the  density  of  the  air  and  the  square  of  the  velocity 
of  motion.  Typical  air-speed  indicators  of  the  Pitot  and  Venturi 
type  are  shown  in  Figures  7  to  12. 

Instruments  in  which  a  flat  plate  held  perpendicular  to  the 
direction  of  motion  is  used  to  measure  the  air  pressure  have  also 


Hunt] 


Aeronautic  Instruments. 


457 


■A. 

.a 
"3 


GP 


458 


Technologic  Papers  of  the  Bureau  of  Standards.  ivoi.i? 


been  constructed.  In  these  the  plate  is  attached  to  a  lever  whose 
motion  is  resisted  by  a  spring.  The  displacement  of  the  lever 
which  depends  upon  the  air  speed  is  used  to  indicate  the  air  speed 
directly  or  it  may  be  attached  to  a  sector  and  pinion  and  a  dial 
and  pointer  added.  An  instrument  of  this  tvpe  is  shown  in 
Figure  13.  The  pressure  developed  by  these  instruments  also 
obeys  the  pv2  law.  In  instruments  of  the  anemometer  type  the 
air  speed  is  determined  by  the  rate  of  revolution  by  a  cup  anemom- 
eter or  air  propeller.     In  most  cases  the  rate  of  revolution  is 


Fig.  9. — Ogilvie  rubber  diaphragm  air-sbeed  indicator. 

determined  by  attaching  the  rotating  element  to  a  centrifugal 
tachometer  similar  to  that  used  in  indicating  the  rate  of  revolution 
of  the  engine.  (See  below.)  Anemometer  instruments  are 
ordinarily  located  on  one  of  the  struts  of  the  airplane  and  are 
read  from  this  position  by  the  pilot.  Instruments  of  the  anemom- 
eter type  with  distant  control  have  recently  been  developed  in 
which  the  anemometer  element  alone  is  located  on  the  strut. 
Wires  lead  from  a  specially  designed  commutator  operated  by  the 
anemometer  to  the  indicator  which  is  on  the  instrument  board. 
Typical  anemometer  air-speed  indicators  are  shown  in  Figures  14 
and  15.     Hot-wire  anemometers  in  which  the  cooling  effect  of 
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the  air  stream  on  an  electrically  heated  wire  grid  is  measured 
have  also  been  used  to  a  limited  extent,  but  the  device  is  com- 
plicated and  not  suited  for  ordinary  use  in  determining  the  speed 
of  aircraft. 


Fig.  io. — Sperry  single  diaphragm  air-speed  indicatot 


Fig.   i  i . — Clift  doped  fabric  diaphragm  air-speed  indica  tor. 

2.  GROUND-SPEED  INDICATORS. 

The  measurement  of  the  speed  of  aircraft  relative  to  the  ground 
is  of  importance  in  connection  with  long-distance  flying,  aircraft 
performance  tests,  and  military  operations  such  as  bombing. 
In   the   case   of    aircraft   performance    tests,    the    ground    speed 
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attained  is  ordinarily  determined  by  flying  the  aircraft  over 
measured  courses  or  by  sighting  upon  the  aircraft  from  the 
ground  with  theodolites.  These  methods  will  not  be  considered 
in  detail  here,  since  we  are  primarily  interested  in  the  instru- 
ments carried  by  the  aircraft  itself.  The  methods  of  determining 
ground  speed  from  the  aircraft  such  as  are  used  in  long-distance 
flying  and  in  bombing  are  fundamentally  either  optical,  dynamical, 


Fig.   12. — Pioneer  liquid  manometer  air-speed  indicator  and  Pilot  nozzle. 

or  electrical  in  principle.  The  actual  instruments  are  still  for  the 
most  part  in  an  experimental  state,  so  only  the  methods  of  their 
operation  will  be  considered  here. 

The  simplest  type  of  optical  ground-speed  indicator  depends 
upon  determining  with  a  stop  watch  the  time  for  some  object  on 
the  ground  to  pass  between  two  sighting  points  in  a  horizontal 
line  on  the  instrument.  The  ground  speed  can  then  be  calcu- 
lated from  the  separation  of  the  two  sighting  points,  the  distance 
from   the   horizontal   line   defined  by   them   to   a   third   sighting 
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FiG.  13. — Pensnti  pressure  plate  air-speed  indicator. 


Fig.  14. — Morell  cup  anemometer  air-speed  indicator. 
30145°— 23 2 
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point  at  the  observer's  eye,  and  the  altitude  of  the  aircraft, 
principle  may  be  demonstrated  as  follows : 


The 


Let 


a  =  distance  from  line   b  to 

the  eyepiece. 
H  =  the  altitude. 
b  =  distance    between      the 

two  sighting  points. 
D  =  the  distance  traversed  by 
the  aircraft  while   the 
object   on  the  ground 
appears    to  move   be- 
tween the  two  sighting 
points. 
/  =  time  in  seconds  required. 
5  =  Speed  of  the  aircraft. 


Then 


a 
H 


b^ 
D 


a   t 
=  Const.  — 

Another  method  is  to  use  a  rotating  or  reciprocating  optical 
arrangement  to  neutralize  the  apparent  motion  of  objects  on  the 
ground  as  seen  through  a  telescope  or  to  cause  a  reference  line 
in  the  telescopic  field  to  move  at  the  same  rate  as  the  image  of 
the  object  on  the  ground.  If  then  the  rate  at  which  the  telescope 
or  the  image  in  the  telescopic  field  is  moving  is  determined  and 
the  altitude  of  the  aircraft  is  known,  the  ground  speed  may  be 
found.     Several  devices  of  this  kind  have  been  tried. 

A  modification  of  the  last  method  is  to  introduce  by  means  of  a 
rotating  telescope  or  similar  device  an  artificial  drift  at  right  angles 
to  the  actual  drift  of  the  aircraft  relative  to  the  ground.  From  the 
direction  of  the  resultant  apparent  drift  and  the  magnitude  of  the 
artificial  drift  the  ground  speed  can  be  computed.  The  principle 
may  be  illustrated  as  follows : 

Let  OG  represent  the  ground  speed  of 
the  aircraft,  the  magnitude  of  which  is  to 
be  found  and  the  direction  of  which  is 
shown  by  the  use  of  a  drift  indicator,  and 
OD   the  known  artificial  drift  introduced 
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at  right  angles  to  the  ground  speed  OG  by  the  rotating  tele- 
scope or  other  device.  Then  OR  will  represent  the  resultant  appar- 
ent drift  as  seen  through  the  rotating  telescope,  and  if  the  angle  0 
between  the  artificial  drift  and  the  resultant  apparent  drift  is  meas- 
ured, the  magnitude  of  the  ground  speed  can  be  calculated  by  the 

relation 

OG  =  OD  tan  8. 


Fig.   15. — Horn  propeller  air-speed  indicator. 

Theoretically,  it  would  be  possible  to  find  the  ground  speed  of 
an  aircraft  by  determining  the  time  integral  of  the  accelerations 
to  which  it  is  subjected  from  the  beginning  of  the  flight.  It  has 
been  proposed  to  do  this  by  supporting  a  mass  between  springs  so 
that  it  is  free  to  move  in  a  horizontal  plane  in  a  fore-and-aft  direc- 
tion. The  displacement  of  the  mass  under  these  circumstances 
will  be  proportional  to  the  acceleration  of  the  aircraft.  If  then  the 
time  integral  of  this  displacement  can  be  obtained  mechanically 
and  shown  on  a  direct-reading  dial,  the  ground  speed  at  any  given 
instant  will  be  known.  Actually  the  inherent  friction  of  the  in- 
tegrating mechanism  and  the  inevitable  accumulation  of  errors  in 
integration  make   the  device   impractical.      It  is  also  necessary 
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that  the  mass  move  only  in  a  horizontal  plane  to  prevent  accelera- 
tions of  the  mass  due  to  gravity.  This  can  be  brought  about  appar- 
ently only  by  gyroscopic  stabilization  which  means  much  added 
weight  and  complication.  Xo  practical  instrument  of  this  type 
has  been  made. 

Directional  radio  telegraphy  has  recently  presented  another 
possibility  for  ground-speed  measurement.  "With  a  directional 
receiving  apparatus,  the  position  of  the  aircraft  with  reference  to 
two  sending  stations  of  known  distance  apart  may  be  determined 
at  successive  times  and  from  these  observations  the  ground  speed 
computed.  This  is  at  present  the  only  practical  method  of  deter- 
mining the  ground  speed  of  aircraft  when  the  ground  can  not  be 
seen. 

3.  RATE-OF-CLIMB  INDICATORS. 

Rate-of-climb  indicators  are  used  to  determine  the  component 
in  a  vertical  direction  of  the  velocity  of  aircraft.  Like  stato- 
scopes  they  usually  depend  for  their  operation  on  the  expansion  or 
contraction  of  a  volume  of  air  confined  in  a  heat  insulated  con- 
tainer. This  container  is  connected  to  the  external  air  through  a 
fine  capillary  tube.  When  the  aircraft  rises,  the  pressure  of  the 
air  in  the  container  becomes  greater  than  that  of  the  surrounding 
atmosphere  owing  to  the  lag  in  the  pressure  equalization  caused 
by  the  fine  capillary  tube.  The  magnitude  of  the  excess  pressure 
is  a  function  of  the  rate  of  climb.  If  then  means  are  provided  for 
measuring  the  excess  pressure,  this  can  be  used  to  indicate  the  rate 
of  climb.  The  method  ordinarily  adopted  is  to  make  one  side  of 
the  container  a  flexible  metal  diaphragm  connected  to  an  indicating 
mechanism  or  to  connect  to  it  a  U  tube  filled  wTith  colored  liquid. 
An  instrument  of  the  former  type  is  shown  in  Figure  16.  The 
motion  of  the  flexible  diaphragm  is  multiplied  by  a  system  of 
aluminum  pulleys  and  phosphor-bronze  strips,  and  operates  a 
pointer  which  moves  over  a  dial  graduated  to  indicate  the  rate  of 
ascent  or  descent  in  feet  per  minute.  An  instrument  of  liquid 
manometer  type  is  shown  in  Figure  17.  In  this  case  the  height  of 
the  liquid  column  is  used  as  a  measure  of  the  vertical  velocity. 

IV.  ORIENTATION  INSTRUMENTS. 

1.  COMPASSES. 

The  adaptation  of  the  magnetic  compass  to  use  in  aircraft 
presents  serious  difficulties  because  of  the  violent  accelerations  to 
which  the  instrument  is  subjected  and  also  the  unavoidable 
proximity  of  large  moving  masses  of  magnetic  material.     Liquid- 
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filled  compasses  are  used  almost  exclusively  because  heavy  damp- 
ing is  required.  Aircraft  compasses  are,  in  general,  quick-acting 
instruments  with  periods  varying  from  10  to  20  seconds.  Com- 
passes with  longer  periods  are  less  disturbed  by  small  transient 
accelerations,  but  those  with  periods  between  these  limits  are 
usually  preferred,  especially  when  used  in  connection  with  turn 
indicators  (see  below) ,  which  have  recently  reached  a  practical 


Fig.  18. — General  Electric  inclined  card  compass. 

state  of  development.  Efforts  have  been  made  to  overcome  the 
unsteadiness  and  swirling  of  the  liquid  of  airplane  compasses  by 
mounting  the  magnet  and  card  in  the  center  of  a  spherical  bowl. 
Another  method  recently  developed  is  to  make  the  compass 
aperiodic  by  eliminating  the  ordinary  card  and  mounting  the 
needles  on  a  light  spider  made  of  small  straight  wires  projecting 
radially  from  the  point  of  support  in  the  damping  liquid.  Stand- 
ard compasses  of  the  ordinary  type  are  shown  in  Figures  18  and  19 
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and  one  of  the  aperiodic  type  in  Figure  20.  Some  compasses  are 
provided  with  both  horizontal  and  vertical  cards,  others  with 
inclined  cards.  The  aperiodic  compass  dispenses  with  the  card 
entirely  and  uses  parallel  wires  on  a  rotatable  bearing  plate  over 
the  flat  cover  glass  to  sight  on  the  needle. 

The  disturbing  effect  of  masses  of  iron  in  the  vicinity  of  the 
instrument  board  have  led  to  an  effort  to  develop  distant-reading 


Fig.   19. — Sperry  combined  horizontal  and  vertical  card  compass. 

compasses  in  which  the  compass  proper  can  be  located  far  away 
from  the  motor,  for  instance,  in  the  fuselage,  near  the  tail  of  the 
airplane,  while  the  indicator  is  located  on  the  instrument  board. 
One  method  which  has  been  tried  is  to  use  the  current  developed 
bv  a  coil  of  wire  rotating  in  the  earth's  magnetic  field,  the  mag- 
nitude of  the  current  thus  induced  being  a  function  of  the  orienta- 
tion of  the  coil  with  respect  to  the  earth.  This  device  is  known  as 
an  earth  inductor  compass.  Another  method  takes  advantage 
of  the  change  of  resistance  of  selenium  when  exposed  to  light  by 
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providing  two  selenium  cells  located  at  diametrically  opposite 
points  above  the  compass  card.  Below  each  cell  is  an  incandes- 
cent lamp.  The  card  shields  the  selenium  cells  to  a  greater  or 
lesser  extent  according  to  the  position  of  the  compass  card,  thereby 
changing  the  resistance  of  the  selenium  cells  which  constitute  two 
arms  of  a  Wheatstone  bridge.  This  unbalances  the  bridge  and 
indicates  by  means  of  a  galvanometer  on  the  instrument  board 
the  amount  of  displacement  of  the  compass  card.     This  device 
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Fig.  20. — Cam pbell-Benneit  aperiodic  compass. 

(shown  in  Fig.  21)  is  complicated  and  with  its  auxiliary  attach- 
ments much  heavier  than  an  ordinary  aircraft  compass. 

2.  TURN  INDICATORS. 

Turn  indicators  are  used  to  inform  the  aviator  when  he  is 
deviating  from  a  straight-line  course.  The  essential  working 
element  is  a  gyroscopic  rotor,  which  in  accordance  with  the 
principle  of  gyroscopic  action  tends  to  maintain  its  direction  in 
space  when  the  airplane  deviates.  The  resultant  relative  motion 
is  made  evident  to  the  pilot  by  the  motion  of  a  pointer  connected 
to  the  rotor  by  a  lever  system.     The  rotor  is  ordinarily  driven 
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either  by  the  impact  of  an  air  stream  on  the  serrated  edge  of  the 
rotor  itself  or  by  making  the  rotor  the  rotating  element  of  an 
induction  motor.  In  the  air-driven  type  the  air  stream  is  main- 
tained by  a  Venturi  tube,  which  exhausts  the  air  from  the  case 
in  which  the  rotor  is  inclosed.  Small  orifices  are  provided  in  the 
case  opposite  the  serrated  edge  of  the  rotor.  Through  these  the 
air  streams  in  from  outside  the  case  impinging  on  the  wheel  and 
causing  it  to  rotate.  The  electrical  type  can  be  connected  to  the 
storage  battery  which  is  a  part  of  the  standard  equipment  of 
modern  aircraft,  or  it  may  be  operated  by  a  small  auxiliary  gen- 
erator driven  by  a  wind  propeller.  Instruments  of  both  types  have 
reached  a  practical  stage  of  development  and  are  an  invaluable 
adjunct  to  the  compass,  particularly  for  use  in  cloud  flying, 
since  they  can  be  made  more  sensitive  to  slight  deviations  than 
the  compass  and  moreover  function  when  the  turn  commences,  at 
which  time  the  compass  is  ordinarily  temporarily  useless  because 
it  is  oscillating.  Turn  indicators  of  both  types  are  shown  in 
Figures  22  and  23. 

3.  INCLINOMETERS. 

Inclinometers  which  indicate  the  rolling  and  pitching  motions 
of  aircraft  are  of  two  general  types:  (1)  Those  involving  the 
principle  of  the  liquid-bubble  level  which  show  the  aspect  of  the 
airplane  with  respect  to  the  resultant  of  gravity  and  forces  of 
acceleration  acting  on  the  aircraft,  and  (2)  gyroscopic  instruments 
which  indicate  the  position  of  the  airplane  with  reference  to  the 
true  vertical.  The  former  is  much  the  simpler  and  more  frequently 
used  type.  Representative  inclinometers  of  liquid  type  are  shown 
in  Figures  24  and  25.  These  are  designated  by  the  name  lateral  and 
fore-and-aft  inclinometers  according  as  they  refer  to  the  condition 
of  the  airplane  with  reference  to  rolling  or  pitching.  The  liquid 
lateral  inclinometer  is  essentially  a  curved  glass  tube  filled  with 
colored  liquid  in  which  a  bubble  forms.  The  displacement  of  the 
bubble  indicates  the  inclination.  The  fore-and-aft  inclinometer 
is  the  same  in  principle,  except  that  in  this  case  it  consists  of  a 
triangular-shaped  closed  circuit  of  glass  tubing  partially  filled  with 
liquid.  The  liquid  changes  its  level  in  the  front  arm  of  the  cir- 
cuit when  the  airplane  pitches.  (See  Fig.  25.)  Liquid  inclinom- 
eters of  sector  type  are  shown  in  Figure  26.  In  these  a  disk- 
shaped  receptacle  with  a  circular  glass  face  is  half  filled  with 
colored  liquid.  The  position  of  the  surface  of  the  liquid  with 
reference  to  the  normally  horizontal  diameter  of  the  dial  indicates 
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Fig.   22. — Sperry  air-driven  gyroscopic  turn  indicator. 
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the  inclination  of  the  aircraft.  Liquid  and  air  damped  pendulum 
devices  have  also  been  used  instead  of  instruments  of  the  bubble 
type.     These  are  shown  in  Figures  27  and  28. 

An  instrument  of  gyroscopic  type  is  shown  in  Figure  29.  It  is 
essentiallv  a  spinning  top  mounted  on  a  pivot  near  its  center  of 
gravity.  It  is  rotated  rapidly  by  an  air  stream  impinging  upon 
the  serrated  edge  of  the  top.  The  gyroscopic  action  of  the  top 
tends  to  maintain  its  position  vertical  when  the  airplane  pitches 
or  rolls.  The  amount  of  displacement  either  laterally  or  longi- 
tudinallv  is  indicated  by  the  position  of  the  pin  of  the  top  relative 
to  the  hemispherical  glass  cover  of  the  instrument  which  is 
graduated  in  degrees.  The  power  to  drive  the  top  is  supplied 
bv  a  Yenturi  tube  which  exhausts  the  air  from  the  case  and 
rotates  the  top  as  in  the  air-driven  turn  indicator  described  above. 


Fig.  24. — Lateral  liquid-bubble  inclinometers. 

V.  ENGINE  INSTRUMENTS. 
1.  TACHOMETERS. 

Tachometers  are  used  to  indicate  the  rate  of  revolution  of  the 
crank  or  propeller  shaft  of  aircraft  engines.  They  are  usually 
driven  bv  a  flexible  shaft  which  runs  from  the  engine  to  the  instru- 
ment board  where  the  tachometer  itself  is  located.  The  two 
types  most  commonly  used  are  the  centrifugal  and  the  chrono- 
metric. 

The  centrifugal  tachometer  is  the  same  in  principle  as  the 
familiar  ball  governor,  and  depends  upon  the  tendency  of  a  mass 
to  move  away  from  the  axis  of  rotation  under  the  action  of  centrif- 
ugal force.  This  tendency  is  resisted  by  a  spring.  The  amount 
of  motion,  which  is  a  measure  of  the  rate  of  rotation,  is  applied 
through  a  transfer  mechanism  to  the  pointer  which  moves  over 
a    dial    graduated    in    revolutions    per    minute.     A    centrifugal 
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Fig.  25. — Richer  fore-and-aft  liquid  inclinometer  and  combined  fore-and-aft  and  lateral 

liquid  inclinometer. 
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FiG.  26. — D.  R.  G.  M.  sector  type  liquid  inclinometers. 


jFig.  27. — Sperry  air-damped  pendulum  lateral  inclinometer. 


Fig.  28. — Sperry  liquid-damped  pendulum  fore-and-aft  inclinometer. 
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instrument  of  standard  design  is  shown  in  Figure  30.  In  some 
the  centrifugal  element  consists  of  two  or  more  small  weights 
connected  to  the  shaft  by  links  as  shown  in  the  illustration  and 
in  others  of  a  single  inclined  weight  which  tends  to  assume  a 
horizontal  position  under  the  action  of  centrifugal  force.  Centrif- 
ugal instruments  are  much  simpler  in  construction  and  more 
durable  than  the  chronometric  type,  but  are  not  so  accurate  as 
the  latter. 

In  chronometric  tachometers  the  speed  is  determined  by  the 
amount  of  motion,  in  a  definitely  measured  interval  of  time,  of 
a  toothed  rack  or  gear  system  operated  by  the  driving  shaft  of 
the  engine.  The  time  interval,  which  is  usually  one  or  two  seconds, 
is  controlled  bv  a  clockwork  escapement.  The  motion  of  the 
rack  or  gear  svstem  is  communicated  to  the  pointer  of  the  instru- 
ment, which  is  deflected  in  the  given  time  interval  an  amount 
depending  upon  the  speed  of  rotation  of  the  driving  shaft.  The 
mechanism  is  so  designed  that  the  pointer  is  locked  in  position 
during  each  succeeding  time  interval  while  the  toothed  rack  or 
gears  are  in  action.  At  the  end  of  each  time  interval  the  pointer 
is  released  and  suddenly  jumps  to  its  new  position,  which  is 
determined  by  the  rate  of  rotation  of  the  engine  shaft  during  the 
time  interval  just  ending.  The  result  is  that  the  pointer  of  the 
instrument  moves  by  discontinuous  jumps  instead  of  continuously, 
as  in  instruments  of  the  centrifugal  type.  A  representative 
tachometer  of  the  chronometric  type  is  shown  in  Figure  31.  As 
stated  above,  thev  are  more  accurate  than  centrifugal  tacho- 
meters, but  they  involve  a  complicated  clockwork  mechanism 
which  easily  gets  out  of  order  and  is  difficult  to  repair.  Neverthe- 
less, a  number  of  satisfactory  instruments  of  this  type  have  been 
made. 

Several  other  types  of  tachometers  have  been  used  to  a  limited 
extent.  Among  these  may  be  mentioned  magnetic  and  electro- 
magnetic tachometers,  air-viscosity  and  air-pump  tachometers. 
In  the  magnetic  tachometer  a  permanent  magnet  is  rotated  near 
a  conducting  disk,  thereby  dragging  the  disk,  by  virtue  of  the 
induced  eddy  currents,  in  opposition  to  a  resisting  spring  an 
amount  depending  upon  the  rate  of  rotation  of  the  magnet.  A 
pointer  attached  to  the  disk  moves  over  a  scale  graduated  in 
miles  per  hour.     An  instrument  of  this  type  is  shown  in  Figure  32. 

In  the  electromagnetic  type  a  small  magneto  is  attached  to  the 
engine  shaft  and  connected  to  a  galvanometer  on  the  instrument 
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board.  The  voltage  developed  by  the  magneto  and  hence  the 
deflection  of  the  galvanometer  is  proportional  to  the  rate  of 
revolution  of  the  engine.  The  galvanometer  is  graduated  to  read 
in  revolutions  per  minute.  Magnetic  and  electromagnetic  tacho- 
meters show  larger  errors  than  the  centrifugal  and  chronometric 
type  instruments  and  do  not  maintain  their  calibration  as  long. 

The  air-drag  or  viscosity  tachometer  consists,  essentially,  of  two 
concentric  cylinders  separated  by  a  thin  film  of  air.      One  cylinder 


Fig.  31.   -Van  Sickleti  chronometric  tachometer. 

which  is  attached  to  the  engine  shaft  tends  to  rotate  the  other  by 
virtue  of  the  viscous  action  of  the  air  film  between  them.  This 
tendency  to  rotation  is  opposed  by  a  spring.  A  pointer  is  attached 
to  the  second  cylinder,  and  the  amount  of  deflection  is  a  measure 
of  the  rate  of  revolution  of  the  first  cylinder.  The  deflection  in 
this  case,  however,  is  not  proportional  to  the  speed. 

The  air-pump  type  has  a  pump  which  forces  air  into  a  chamber 
provided  with  a  leak  orifice.  The  pressure  developed  in  the 
chamber  depends  upon  the  rate  at  which  the  pump,  which  is  con- 
nected to  the  driving  shaft,  rotates.     In  escaping  from  the  chamber 
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the  air  deflects  a  vane  and  pointer  whose  motion  is  opposed  by  a 
restraining  spring.  The  amount  of  the  deflection  of  the  vane  is 
thus  a  measure  of  the  speed  of  revolution  of  the  driving  shaft. 
The  air-viscosity  and  air-pump  instruments  are  subject  to  alti- 
tude errors  caused  by  the  change  in  air  density. 


Fig.  32. — Stewart-Warner  magnetic  tachometer. 

2.  PRESSURE  GAUGES. 

Air  and  oil  pressure  gauges  are  used  in  aircraft  to  indicate  the 
air  pressure  in  the  gasoline  tank  and  the  oil  pressure  of  the  engine 
lubricating  system.  Both  types  of  gauges  are  ordinarily  of  the 
Bourdon  type  but  of  different  range,  air-pressure  gauges  having 
a  range  of  approximately  o  to  5  lbs  in.2  and  oil-pressure  gauges 
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from  o  to  ioo  lbs.  in.2  A  group  of  representative  air  and  oil 
pressure  gauges  is  shown  in  Figure  33.  The  essential  working 
element  is  a  Bourdon  tube,  one  end  of  which  is  rigidly  attached 
to  the  instrument  case  and  the  other  to  the  indicating  system, 
which  is  either  a  sector  and  pinion  or  a  system  of  levers.  With 
increase  in  internal  pressure  the  Bourdon  tube  expands,  thereby 
causing  the  pointer  to  move  across  the  scale.     In  some  of  the 


Fig.  33- — <4*r  and  oil  pressure  gauges,  Bourdon  tube  type. 
A  .  C,  and  E,  sector  and  pinic.n  transmission;  B  and  D,  linkage  transmission. 

instruments  the  pointer  is  concentric  and  in  others  eccentric,  the 
advantage  of  the  former  being  that  it  gives  a  much  more  open 

3.  GASOLINE  GAUGES. 

Gasoline  gauges  are  used  to  indicate  the  depth  of  gasoline  in 
the  gasoline  supply  tank.  The  most  common  type  consists  of 
a  float  of  cork,  wood,  or  hollow  metal  which  rests  on  the  surface 
of  the  gasoline  and  which  is  connected  to  the  indicating  mecha- 
nism by  a  metal  rod  or  a  flexible  cord.  Where  it  is  possible  to 
mount  the  indicator  on  the  tank,  the  float  is  allowed  to  travel 
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up  and  down  between  two  vertical  fixed  rods.  (See  Fig. 
34B.)  A  stiff  twisted  metal  ribbon  or  inclined  rod  is  caused  to 
rotate  by  the  float  as  it  changes  its  position,  thereby  operating 
the  indicator  which  is  mounted  above  the  float  and  attached  to 
the  moving  rod  through  a  system  of  gears.  A  disadvantage  of  this 
type  of  gauge  is  that  the  float  is  likely  to  stick  between  the  guide 
rods  if  they  get  out  of  alignment.  Another  method  is  that  shown 
in  Figure  34C,  in  which  the  indicator  is  mounted  at  the  center  of 
the  side  of  the  tank  facing  the  aviator.  In  this  case  the  float  is 
attached  to  a  long  metal  rod  and  rotates  about  the  indicator.  At 
the  end  of  the  float  rod  is  a  small  magnet  which  drags  the  iron 
pointer  about  as  the  float  follows  the  level  of  the  gasoline.  Be- 
tween the  magnet  and  the  pointer  there  is  a  thin  metal  disk  which 
protects  the  cover  glass  from  the  hydrostatic  pressure  of  the 
gasoline. 

Float  gauges,  in  which  the  float  is  connected  to  the  indicator 
by  a  light-weight  silk  cord,  are  shown  in  Figure  t,4D,E.  The  float 
consists  of  an  air-tight,  hollow,  brass  cylinder  which  moves  up  and 
down  in  a  metal  tube  which  reached  from  the  top  to  the  bottom 
of  the  tank  and  whose  diameter  is  slightly  greater  than  that  of 
the  float.  When  the  indicator  is  located  at  a  distance  from  the 
float,  the  connecting  cord  passes  through  a  metal  tube  with  rollers 
at  the  bends.  The  gauge  itself  consists,  essentiallv,  of  a  drum  on 
which  the  cord  winds  and  unwinds  and  a  svstem  of  gears  which 
connects  the  drum  to  the  indicating  pointer.  The  cord  is  alwavs 
maintained  taut  by  a  coiled  spring  which  is  attached  to  the  drum. 
The  indicator  shown  in  Figure  34.D  has  a  magnetically  controlled 
pointer  similar  to  that  described  above.  The  one  shown  in  Fig- 
ure 34E  is  provided  with  a  spiral  scale,  and  by  means  of  a  rack 
and  pinion  mechanism  the  tip  of  the  pointer  is  made  to  follow  the 
convolutions  of  the  spiral  as  it  rotates.  This  makes  it  possible  to 
allow  the  pointer  to  make  several  complete  revolutions  without 
confusing  the  indications. 

Another  type  of  gasoline  gauge  which  has  been  used  to  a  limited 
extent  depends  upon  measuring  the  hydrostatic  pressure  of  the 
head  of  the  gasoline  in  the  tank.  This  pressure  is  indicated  by  a 
gauge  with  corrugated  flexible  metal  diaphragm  capsules  similar 
to  those  of  an  air-speed  indicator.  This  type  of  gauge  operates 
by  connecting  the  case  of  the  pressure  indicator  to  the  air  space 
above  the  gasoline  tank  and  the  diaphragm  capsules  to  a  tube 
extending  to  the  bottom  of  the  tank.     Air  is  caused  to  bubble 
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Fig.  34. — Float  type  gasoline  gauges. 

B,  twisted  strip  transmission;  C,  lever  transmission;  D  and  E,  rord  transmission. 
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through  the  tube  either  by  the  use  of  a  hand  pump  or  automati- 
cally bv  the  use  of  a  power  pump,  thereby  impressing  on  the  indi- 
cator a  differential  pressure  equal  to  the  head  of  gasoline.  With 
this  tvpe  of  gauge  it  is  possible  to  have  the  indicator  on  the  instru- 
ment board  and  connected  to  the  gasoline  tank  by  metal  tubing. 
A  disadvantage,  particularly  from  the  military  point  of  view,  is 
that  a  rupture  in  the  connecting  tube  is  likely  to  cut  off  the  fuel 
supply  from  the  engine.     A  group  of  gauges  of  this  type  is  shown 

in  Figure  3  s. 

4.  GASOLINE-FLOW  METERS. 

The  rate  of  gasoline  consumption  in  aircraft  engines  is  found 
by  the  use  of  flow  meters.  Typical  instruments  are  shown 
in  Figure  36.  In  the  one  at  the  left  of  the  figure  a  metal  vane 
restrained  by  a  coiled  spring  is  deflected  by  the  gasoline  as  it 
flows  through  the  instrument.  The  gasoline  flows  past  the  vane 
in  the  space  between  the  vane  and  the  case.  The  case  is  provided 
with  a  cam  surface  which  varies  the  space  between  the  vane  and 
the  case  as  the  vane  rotates,  so  that  the  deflection  of  the  vane  is 
made  proportional  to  the  rate  of  flow  of  gasoline.  A  pointer 
attached  to  the  vane  indicates  the  rate  of  flow  in  gallons  per  minute. 
In  the  meter  at  the  right  the  gasoline  is  forced  out  through  a 
slit  in  a  vertical  metal  tube  surrounded  by  a  concentric  glass  tube. 
A  small  rider  shown  at  the  left  floats  on  the  gasoline.  The  height 
reached  by  the  gasoline  as  it  flows  through  the  slit  and  conse- 
quently the  reading  indicated  by  the  rider  is  proportional  to  the 
rate  of  gasoline  consumption. 

5.  THERMOMETERS. 

Thermometers  are  used  on  aircraft  to  indicate  the  temperature 
of  the  radiator  water  and  oil  supply  of  the  engine,  the  temperature 
of  the  atmosphere,  and  on  lighter-than-air  craft  the  temperature 
of  the  gas  in  the  balloon  bags.  The  last  two  mentioned  types  are 
described  below  under  special  instruments.  Thermometers  for 
measuring  the  temperature  of  water  and  oil  ordinarily  consist  of 
a  metal  bulb  partially  or  completely  filled  with  liquid,  which  is 
located  at  the  point  whose  temperature  is  to  be  determined  and 
which  is  connected  by  means  of  a  capillary  tube  to  some  form  of 
pressure  gauge,  usually  of  the  Bourdon  type,  located  on  the  in- 
strument board.  Two  types  of  pressure  thermometers  are  used. 
These  are  known  as  the  vapor-pressure  and  liquid-filled  type, 
according  as  thev  depend  upon  measuring  the  variation  of  the 
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pressure  of  the  vapor  of  a  volatile  liquid  or  the  expansion  or  con- 
traction of  a  liquid  with  change  of  temperature.  In  the  former 
case  the  bulb  is  onlv  partially  filled  with  liquid  and  the  connect- 
ing capillarv  tube  and  gauge  is  filled  with  vapor,  while  in  the  latter 
case  the  entire  system,  including  the  bulb,  capillary  tube,  and 
gauge,  is  completelv  filled  with  liquid  under  pressure.  Ethyl 
ether  and  methyl  chloride  are  most  frequently  used  as  the  vola- 
tile liquid.  Ethyl  alcohol  is  the  liquid  usually  used  in  the  liquid- 
filled  tvpe.  The  vapor-pressure  type  is  affected  by  changes  of 
altitude.  The  liquid-filled  type,  on  the  other  hand,  gives  errone- 
ous readings  if  the  temperature  of  the  gauge  and  the  capillary 
tube  differs  from  that  at  which  the  instrument  was  calibrated. 
Tvpical  thermometers  of  both  types  are  shown  in  Figure  37.  The 
vapor-pressure  instruments  (Fig.  3 ~]B,C)  have  an  ordinary  Bourdon 
tube,  which  is  connected  to  the  indicating  mechanism  by  a  sector 
and  pinion,  such  as  that  used  in  pressure  gauges  previously  described. 
The  liquid-filled  thermometer  (Fig.  3 7 A)  has  a  helical  Bourdon  tube 
with  several  convolutions.  It  is  also  provided  with  a  bimetallic 
temperature  compensator  which  is  connected  between  the  Bourdon 
tube  and  the  indicating  mechanism. 

VI.  NAVIGATING  INSTRUMENTS. 

The  use  of  aircraft  for  long-distance  flights  over  both  land  and 
water  and  for  night  flying  has  required  the  development  of  aerial 
navigating  instruments.  The  methods  are  fundamentally  the 
same  as  those  used  in  the  navigation  of  ships  at  sea,  the  most 
important  difference  being  the  necessity  of  adapting  the  instru- 
ments to  the  relatively  swift  and  unstable  aircraft  and  also  the 
uncertainty  introduced  by  swift  air  currents  which  change  rapidly 
in  magnitude  and  direction,  not  only  with  time  but  also  with 
altitude.  It  is  thus  impracticable  to  chart  air  currents  as  is  done 
in  the  case  of  ocean  currents. 

The  simplest  method  of  air  navigation  is  that  in  which  maps  of 
the  territory  traversed  are  used  and  the  course  is  guided  by  fol- 
lowing landmarks  known  to  the  pilot.  More  general  methods, 
which  involve  calculating  the  course  of  the  aircraft,  are  (1)  dead 
reckoning  in  which  the  course  at  a  given  time  is  calculated  from 
a  previous  known  position  by  determining  the  direction  of  flight 
and  speed  with  reference  to  the  earth,  and  (2)  astronomical 
observations  in  which  the  altitude  or  azimuth  of  the  sun  or  stars 
is  measured  and  the  position  computed  from  the  Greenwich 
siderial  time,  the  equation  of  time,  and  the  position  of  the  sun 
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or  stars.     Still  another  method  recently  developed  is  the  use  of  the 

radio  direction  finder  with  which  the  position  is  determined  with 

reference  to  radio  stations  by  the  use  of  a  radio  direction  finder 

on  the  aircraft. 

1.  MAPS  AND  CHARTS. 

"Where  maps  are  used,  they  are  frequently  mounted  on  rolls  in 
a  map  case  (see  Fig.  38),  so  that  a  number  of  maps  can  readily 
be  made  accessible.     Sometimes  the  map  is  mounted  on  a  board 


Fig.  38. — Map  case. 

and  protractors  and  parallels  provided  for  convenience  in  locating 

directions  and  measuring  distances.     Such  a  device  is  shown  in 

Figure  39. 

2.  DEAD-RECKONING  INSTRUMENTS. 

The  factors  involved  in  the  method  of  dead  reckoning  are  the 
direction  of  the  aircraft  as  determined  by  a  compass,  the  air 
speed,  the  ground  speed,  and  the  drift  with  reference  to  the  earth. 
Instruments  used  in  making  the  first  three  measurements  have 
already  been  discussed  in  this  paper.  Drift  indicators  usually 
depend  upon  determining  by  sighting  wires  or  parallel  lines  in  the 
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instrument  or  in  the  focal  plane  of  a  telescope  the  apparent  direc- 
tion of  motion  of  objects  on  the  ground  or  on  the  water  or  even 
of  the  waves  of  the  sea  whose  motion  is  so  slow  compared  with 
that  of  the  aircraft  that  it  can  be  neglected.  Instruments  of 
this  type  known  as  drift-bearing  plates  are  shown  in  Figure  40. 
These  consist  of  a  rotatable  graduated  circle  with  diametral 
sighting  wires  which  are  turned  parallel  to  the  direction  of  drift. 


FlG.  39. — Bigswortli  chart  boon!. 

The  vertical  attachment  is  used  in  determining  the  ground  speed 
and  carries  an  eyepiece  which  is.  adjusted  for  altitude  by  the 
graduated  scale  on  the  attachment.  The  ground  speed  is  deter- 
mined by  finding  with  a  stop  watch  the  time  required  for  an  object 
on  the  ground  to  pass  between  two  ball  sights  on  the  instrument. 
A  more  complicated  device  with  attachment  for  adjustment  of 
the  lubber  line  of  the  compass  is  shown  in  Figure  41.  In  this 
case  the  direction  of  drift  is  determined  by  adjusting  to  the  direc- 
tion of  drift  a  system  of  parallel  lines  in  the  focal  plane  of  the 
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telescope   shown   at   the   left  of  the   figure.     This  automatically 
changes  the  position  of  the  lubber  line  of  the  compass. 

The  drift  indicator  shown  in  Figure  42,  in  addition  to  deter- 
mining the  direction  of  drift  and  the  ground  speed,  has  adjust- 
ments which,  when  the  instrument  is  also  set  for  the  air  speed, 
automatically  determines  the  magnitude  and  direction  of  the 
prevailing  wind,  or,  as  it  is  ordinarily  expressed,  solves  the  veloc- 
ity triangle.  The  ground  speed  is  determined  as  in  the  drift- 
bearing  plate  just  described  by  placing  the  eye  at  the  eyepiece 
and  noting  the  time  required  for  an  object  on  the  ground  to  pass 
between  two  points  on  the  sighting  arm. 


Fig.  40. — Drift  bearing  plates. 

The  navigraph  shown  in  Figure  43  is  a  synchronized  drift  sight 
which  determines  the  wind  vector  from  the  direction  and  magni- 
tude of  the  drift  and  the  air  speed.  The  repeater,  which  is 
attached  to  the  main  instrument,  indicates  the  result  to  the  pilot. 
The  unique  feature  of  this  device  is  the  method  used  to  determine 
the  drift.  An  object  on  the  ground  is  followed  by  means  of  the 
telescope  at  the  right  of  the  figure  and  at  the  same  time  a  series 
of  points  is  plotted  on  the  paper  by  depressing  the  pencil  which 
is  maintained  parallel  to  the  telescope  by  a  lever  system.  A  series 
of  points  showing  the  direction  of  drift  is  thus  obtained,  defining 
a  line  in  which  the  irregularities  of  the  individual  observations 
due  to  the  oscillations  of  the  aircraft  are  eliminated. 
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A  number  of  simple  devices  have  been  invented  to  aid  in  solv- 
ing the  velocity  triangle.  Three  of  these  are  shown  in  Figure 
44.  They  are  used  by  setting  the  adjustable  arms  in  the  direction 
of  the  two  known  velocities  of  the  velocity  triangle,  setting  the 
adjustable  sliders  for  the  magnitude  of  these  velocities  and  rotat- 
ing the  disk  until  the  arrow  on  it  is  parallel  to  the  line  through 
the  two  sliders.  The  direction  of  the  arrow  is  the  direction  of 
the  third  velocity  component.  Its  magnitude  is  determined 
from  the  scale  on  the  disk  by  the  distance  between  the  two 
adjustable  sliders. 


FlG.  41. — Sperry  synchronized  drift  set. 

3.  ASTRONOMICAL  INSTRUMENTS. 

When  astronomical  methods  are  employed,  the  requisite 
observations  are  almost  always  made  with  sextants  (see  Figs. 
45  to  48)  which  the  observer  uses  to  determine  the  altitude  of 
the  sun  or  some  star.  From  such  altitude  measurements,  to- 
gether with  the  Greenwich  time  which  is  read  from  a  chronom- 
eter, and  the  time  equation  and  declination,  as  determined 
from  the  Nautical  Almanac,  the  position  can  be  determined. 
The  sextants  used  differ  from  marine  sextants  principally  in 
that  an  artificial  horizon  is  used.  In  most  cases  this  consists 
of  a  liquid-bubble  level  which  is  so  arranged  that  it  can  be 
seen    in    the  optical  field    simultaneously   with  the  sun   or   star 
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on  which  the  instrument  is  set.  Sextants  have  also  been  con- 
structed in  which  pendulums  have  been  used  instead  of  bubble 
levels.     Another  method  which  has  been  tried  is  to  construct  an 
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FiG.  44. — Course  and  distance  calculators. 

artificial  horizon  by  mounting  a  mirror  on  the  upper  surface  of  a 
gyroscopic  top  and  arranging  the  optical  system  so  that  the 
image  of  the  sun  or  star  reflected  from  the  mirror  and  viewed 


Fig.  45. — Byrd  bubble  sextant. 

directly  are  simultaneously  seen  by  the  observer.  An  auxiliary 
apparatus  is  required  to  drive  the  gyroscope.  Usually  the 
gyroscope  is  air  driven,  in  which  case  the  auxiliary  apparatus 
is  a  pump.     An  instrument  of  this  type  is  shown  in  Figure  48. 
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With  good  piloting  and  a  skillful  observer  the  error  of  bubble 

sextant  observations  ordinarily  does  not  exceed  from   10  to   20 

minutes  of  are. 

4.  RADIO  DIRECTION  FINDER. 

The  use  of  radio  direction  finders  in  aerial  navigation  is  of 
recent  origin  and  still  in  the  experimental  stage.  These  devices 
consist,  essentially,  of  a  radio  receiving  apparatus  with  a  coil 
antenna  which  the  pilot  orients  to  determine  the  direction  of  the 
radio  sending  stations  whose  identity  and  location  are  made 
known  to  him  by  the  character  of  the  signals  sent.  One  impor- 
tant advantage  of  this  method  is  that  it  can  be  used  when  both 
the  earth  and  sky  are  obscured. 


Fig.  46. — Booth  bubble  sextant  with  rotating  drum  scale. 

VII.  SPECIAL  INSTRUMENTS  AND  ACCESSORIES. 

In  this  category  may  be  included  apparatus  to  supply  oxygen 
to  aviators  at  high  altitudes,  instruments  used  in  airplane  per- 
formance tests  which,  in  general,  are  of  the  recording  type,  time- 
pieces and  instruments  pertaining  particularly  to  the  navigation 
of  lighter-than-air  craft,  such  as  manometers,  ballast  gauges,  and 
hydrogen  leak  detectors. 

1.  OXYGEN  INSTRUMENTS. 

The  physical  condition  of  aviators  is  seriously  affected  from  lack 
of  oxygen  when  altitudes  above  15,000  feet  are  maintained  for 
extended  periods  of  time.     This  difficulty  can  be  almost  entirely 
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Fig.  47. — Schnarzschild  bubble  sextant. 


Fig.  4S. — Derricn  gyroscopic  sextant . 
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overcome  by  supplying  the  aviator  artificially  with  oxygen  during 
flight.  The  oxygen  is  carried  either  in  the  form  of  compressed  gas 
in  steel  cylinders  or  in  liquid  form  in  vacuum  jacketed  receptacles. 
A  supply  sufficient  for  a  flight  of  two  or  more  hours  is  usually 
provided.  It  has  been  found  that  4  liters  of  oxygen  per  minute 
is  ordinarily  required  by  the  aviator  in  view  of  his  physical  activity 
in  flight.  The  expression  for  the  amount  to  be  supplied  artificially 
at  any  altitude  then  becomes 


*-*(>-&) 


where  V  is  the  volume  delivered  in  liters  and  P  is  the  pressure  of 
the  atmosphere  in  millimeters  of  mercury. 

An  essential  feature  of  the  oxygen  equipment  is  a  device  for 
controlling  the  amount  of  oxygen  delivered  to  the  aviator.  In 
the  earliest  types  this  was  simply  a  hand-controlled  valve  attached 
to  the  oxygen  supply  tank  which  the  aviator  operated  to  deliver 
the  gas  according  to  his  needs.  In  later  forms  a  barometric  con- 
trol is  provided  for  regulating  automatically  the  amount  of  oxygen 
supplied  to  the  aviator  according  to  his  altitude.  The  instrument 
also  has  a  pressure  gauge  to  indicate  the  pressure  of  the  oxygen 
in  the  supply  tank  and  a  flow  indicator  to  show  when  oxygen  is 
being  delivered  by  the  apparatus.  An  automatic  regulator  of 
American  design  is  shown  in  Figure  49.  It  is  provided  with  two 
pressure  chambers — a  high-pressure  chamber  into  which  the 
oxygen  flows  from  the  supply  tank  to  reduce  the  pressure  from  100 
atmospheres  to  approximately  atmospheric  pressure  and  a  low- 
pressure  chamber  to  control  the  delivery  to  the  masks.  The 
pressure  in  each  of  these  chambers  is  controlled  by  the  action  of 
valves  operated  by  corrugated  diaphragms,  one  of  which  forms 
the  end  of  each  chamber.  The  valve  of  the  low-pressure  chamber 
is  also  acted  upon  by  an  aneroid  capsule  which  expands  with 
increasing  altitude,  and  thereby  allows  more  oxygen  to  flow 
through  the  apparatus,  the  amount  increasing  in  accordance  with 
the  above  altitude-delivery  formula.  The  helical-coil  gauge  shown 
in  the  figure  is  used  to  indicate  the  pressure  in  the  supply  tank. 
The  rate  of  flow  is  shown  through  the  action  of  the  pressure  of  the 
outgoing  gas  on  another  corrugated  diaphragm  capsule  connected 
between  the  low-pressure  chamber  and  the  masks. 

Another  instrument  of  the  compressed  oxygen  type  is  shown 
in  Figure  50.  It  was  originally  of  British  design,  but  was  made  in 
this  country  also  during  the  recent  war.     In  this  instrument  the  pres- 
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Fig.  49. —  \'un  Sickleii-Prouty  oxygen  regulator. 
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sure  of  the  gas  as  supplied  by  the  tank  is  reduced  by  passing  into 
a  chamber  in  which  the  pressure  is  controlled,  as  in  the  device 
described  above,  through  the  action  of  a  valve  connected  to  a 
corrugated  diaphragm.  This  reduces  the  gas  from  a  pressure  of 
150  atmospheres  to  a  pressure  of  approximately  one  atmosphere 
above  atmospheric  pressure.  From  the  reduced-pressure  chamber 
the  gas  passes  to  a  piston  valve  controlled  by  a  battery  of  aneroid 
capsules.  With  increase  of  altitude  this  battery  of  capsules 
expands  under  the  action  of  internal  springs,  thereby  increasing 
the  delivery  of  oxygen  through  the  piston  valve.  The  amount 
delivered  is  determined  by  the  size  of  the  port  in  the  piston  valve, 
which  varies  so  as  to  deliver  oxygen  in  accordance  with  the  above- 
mentioned  altitude-delivery  formula.  From  the  piston  valve  the 
oxygen  passes  through  a  flow  indicator,  which  is  a  sensitive  ane- 
mometer on  which  the  gas  impinges  as  it  passes  to  the  masks. 
A  pressure  regulator  to  indicate  the  pressure  of  oxygen  in  the 
supplv  tank  is  also  provided.  The  essential  difference  between 
this  instrument  and  the  one  previously  described  is  that  in  this 
case  the  supply  of  oxygen  is  increased  by  enlarging  the  port  of  the 
control  valve,  while  in  the  previous  instrument  the  same  result  is 
effected  by  increasing  the  pressure  under  which  the  oxygen  is 
forced  from  the  reduced-pressure  chamber  through  an  outlet  of 
constant  size  to  the  masks. 

Where  liquid  oxygen  is  used  the  supply  is  ordinarily  carried  in 
double-walled  spherical  copper  vessels  with  an  evacuated  space 
between  the  inner  and  the  outer  walls  and  polished  surfaces 
facing  the  evacuated  space  to  minimize  loss  through  heat  radiation. 
A  typical  instrument  of  this  type  is  shown  in  Figure  51.  It  has  a 
capacity  of  from  3  to  4  liters  of  oxygen,  which  corresponds  to 
approximately  2 ,000  to  3 ,000  liters  of  gas.  The  neck  of  the  bottle 
is  a  long  metal  tube  closed  at  the  top  and  connected  to  a  pressure 
gauge  and  safety  valve  (shown  on  the  instrument  board) ,  which 
are  used  to  control  the  pressure  of  the  gas  which  evaporates. 
This  pressure  forces  the  liquid  oxygen  out  through  evaporating 
coils  which  surround  the  neck  of  the  bottle.  From  these  coils 
the  gas  passes  through  flow  indicators  on  the  control  board  and 
thence  to  the  masks.  Liquid-oxygen  apparatus  has  the  advantage 
of  being  considerably  lighter  and  more  compact  than  the  complete 
equipment  necessary  when  compressed  oxygen  is  used.  On  the 
other  hand,  there  is  an  inevitable  loss  of  gas  due  to  evaporation 
when  the  supply  is  not  actually  being  used.     On  this  account  it  is 
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necessary  that  the  apparatus  be  filled  within  a  relatively  short 
time  before  using  and  that  a  liquefying  plant  be  available  in  the 
vicinity. 

2.  RECORDING  INSTRUMENTS. 

For  experimental  work  and  airplane  performance  tests,  perma- 
nent records  of  altitude,  air  speed,  rate  of  revolution  of  the  engine, 
rate  of  ascent  or  descent,  temperature,  and  humidity  are  sometimes 
required.  To  this  end  special  instruments  have  been  designed 
which  are  the  same  in  principle  as  indicating  instruments  of  the 
corresponding  type  previously  described,  but  which  are  provided 
with  recording  attachments.  Typical  instruments  of  this  class 
are  described  below. 


Fig.   52. — Toussaint-Lepere  air-speed  recorder. 

The  air-speed  recorder,  shown  in  Figure  52,  is  of  the  Pitot- 
Venturi  type.  It  was  designed  for  use  with  the  nozzle  shown  in 
Figure  6  F  and  is  provided  with  two  pressure  chambers,  one  of 
which  is  connected  to  the  Pitot  head  and  the  other  to  the  Venturi 
head  of  the  nozzle.  Rubberized  silk  diaphragms  constructed 
like  bellows  are  used.  Under  the  action  of  the  differential  pressure 
these  operate  the  lever  system  which  controls  the  recording  pen. 
The  excursion  of  the  diaphrams  is  resisted  by  a  coiled  spring. 

A  recording  tachometer  is  shown  in  Figure  53.  In  this  instru- 
ment a  long  pointer  with  attached  pen  is  substituted  for  the 
indicating  element  of  a  chronometric  tachometer.  The  pen  rests 
on  a  circular  chart,  graduated  in  revolutions  per  minute,  which 
is  rotated  uniformly  by  the  clockwork  mechanism  shown  in  the 
lower  figure. 
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Fig.   53. — Bristol  recordinq  tachometer. 
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Rate-of-climb  recorders  have  been  made  which  are  the  same  in 
principle  as  the  rate-of-climb  indicators  previously  described, 
except  that  the  excursion  of  the  diaphragm  is  made  to  deflect  a 
small  mirror  from  which  a  beam  of  light  is  reflected  onto  a  photo- 
graphic film  moved  by  clockwork.  In  this  way  a  permanent 
record  of  the  rate  of  ascent  and  descent  of  the  airplane  is  obtained. 
A  photographic  record  is  used  instead  of  a  pen  and  ink  recording 
device,  because  the  force  available  for  operating  the  recording 
mechanism  is  too  small  to  give  satisfactory  results  with  a  pen  and 
ink  recorder  of  the  ordinary  type. 

An  instrument  which  gives  records  of  temperature  and  humidity 
in  addition  to  barometric  pressure  is  shown  in  Figure  54.  The 
lowest  pen  is  operated  by  the  aneroid  capsules  of  an  ordinary 
barograph  and  gives  a  record  of  the  atmospheric  pressure.  The 
middle  pen  is  controlled  by  the  bundle  of  human  hair  fibers  shown 
at  the  right  of  the  figure  and  gives  a  record  of  the  relative  humidity 
in  consequence  of  the  expansion  and  construction  of  the  fibers 
with  changes  of  the  moisture  content  of  the  atmosphere.  The 
top  pen  is  connected  by  a  lever  system  to  a  bimetallic  strip  shown 
beneath  the  instrument  and  gives  a  record  of  the  temperature 
throughout  the  flight. 

3.  STRUT  AND  GAS  TEMPERATURE  THERMOMETERS. 

In  performance  tests  on  airplanes  it  is  necessary  to  determine 
the  temperature  of  the  surrounding  air  at  intervals  during  flight. 
This  is  effected  by  strapping  a  pentane  or  other  liquid  type 
thermometer,  which  can  be  read  at  a  distance,  to  one  of  the  struts 
of  the  airplane  or  by  fastening  the  bulb  of  a  liquid  filled  or  vapor 
pressure  type  thermometer  to  the  strut,  the  indicator  being  located 
on  the  instrument  board.  Instruments  of  both  types  are  shown 
in  Figure  55.     They  are  called  strut  thermometers. 

Electrical-resistance  thermometers  are  also  used  in  aircraft, 
more  commonly  on  lighter-than-air  craft  to  determine  the  tem- 
perature of  the  gas  and  the  atmosphere.  These  consist  of  resist- 
ance coils  of  fine  wire,  located  at  the  point  whose  temperature  is 
to  be  determined,  which  are  connected  to  an  ohm  meter  graduated 
directly  in  degrees  which  serves  as  an  indicating  element.  Several 
resistance  elements  may  be  located  at  different  points  on  the  air- 
craft and  the  temperature  of  each  point  determined  in  succession 
by  making  suitable  connections  at  the  indicator. 
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4.  TIMEPIECES. 

A  clock  or  watch  is  part  of  the  standard  equipment  of  most 
aircraft.  Any  reliable  make  of  clock  mechanism  can  be  used  for 
the  purpose  provided  it  is  sufficiently  rugged  to  withstand  the 
shocks  of  landing  and   the  inevitable   vibration   experienced  in 


FlG.   55. — Strut  thermometers. 

aircraft.  Chronometers  of  precision  are  ordinarily  not  required. 
The  only  clocks  peculiar  to  aircraft  are  reversing  stop  watches 
used  in  bombing.  These  are  so  constructed  that  when  the  stem 
is  pressed  for  the  second  time  the  pointer  starts  to  move  back  to 
zero  instead  of  stopping  as  in  a  stop  watch  of  the  usual  type. 
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Among  the  special  instruments  pertaining  particularly  to  the 
control  of  lighter-than-air  craft  may  be  mentioned  water  ballast 
gauges,  manometers,  and  hydrogen  leak  detectors. 

A  typical  water  ballast  gauge  is  shown  on  Figure  56.  It  con- 
sists of  a  corrugated  metal  diaphragm  capsule  inclosed  in  an  air- 
tight case  and  is  used  to  indicate  the  pressure  of  the  head  of 
ballast  water  in  a  manner  similar  to  that  of  the  gasoline  gauges 
previously  described.  The  dial  is  graduated  to  indicate  the  head 
in  inches  of  water. 

A  manometer  to  indicate  the  pressure  of  the  gas  in  the  bags  of 
lighter-than-air  craft  is  shown  in  Figure  57.      It  is  provided  with 


Fig.   56. — Bristol  water-ballast  gauge. 

a  thin  colon  leather  diaphragm,  which  indicates  the  difference  in 
pressure  between  the  gas  in  the  bags  and  the  external  air  through 
the  intermediary  action  of  a  lever  system  which  operates  a  pointer 
which  sweeps  over  a  vertical  linear  scale.  The  distinctive  char- 
acteristic of  this  type  of  pressure  gauge  is  the  extreme  sensitiveness 
required.  In  the  one  shown  3  inches  of  water  gives  full-scale 
deflection. 

A  hydrogen  leak  detector  is  shown  in  Figure  58.  This  instru- 
ment is  used  to  indicate  when  gas  is  escaping  from  the  gas  bags 
of  lighter-than-air  craft.  It  is  provided  with  a  disk-shaped  air 
chamber,  the  back  face  of  which  is  made  of  semipermeable  por- 
celain. The  front  face  is  provided  with  a  flexible  corrugated  metal 
diaphragm.  Owing  to  the  difference  in  the  rate  of  diffusion  of 
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Fig.  57. — Pioneer  gas-pressure  manometer. 


Fig.   58. — Davis  hydrogen  leak  detector. 


Hunt\  Aeronautic  Instruments.  511 

hydrogen  and  air  when  the  porcelain  face  is  placed  near  a  leak 
the  hydrogen  diffuses  through  the  porcelain  into  the  closed  cham- 
ber more  rapidly  than  the  air  diffuses  out,  thereby  increasing  the 
pressure  in  the  chamber,  which  causes  the  diaphragm  to  expand. 
This  motion  is  used  to  operate  the  indicating  mechanism. 

VIII.  CONCLUSION. 

The  recent  origin  of  the  aeronautic  instrument  art  is  empha- 
sized by  the  fact  that  practically  all  of  the  instruments  described 
in  this  paper  have  been  invented  or  adapted  to  the  special  needs 
of  aircraft  within  the  past  decade.  The  equipment  of  early  air- 
planes was  extremely  meager  and  in  many  cases  entirely  lacking, 
the  pilot  depending  on  his  individual  skill  and  experience  in  the 
maneuvering  of  his  craft,  but  with  the  increase  in  size  and  com- 
plexity of  aircraft  the  need  of  instruments  became  apparent  and 
has  stimulated  a  rapid  development.  Improvements  in  existing 
instruments  and  the  development  of  new  types  are  continually 
being  made  as  the  rapid  growth  of  aviation  creates  new  needs. 

Washington,  October  27,  1922. 


SOME  COMPRESSIVE  TESTS  OF  HOLLOW-TILE  WALLS. 

By  Herbert  L.  Whittemore  and  Bernard  D.  Hathcock. 


ABSTRACT. 

To  supplement  the  tests  of  individual  hollow  building  tile  made  by  the  Bureau  of 
Standards  at  its  Pittsburgh  laboratory,  tests  of  walls  built  from  similar  tile  were  made 
in  the  10,000,000-pound  hydraulic  testing  machine. 

These  walls  were  either  6,  8,  or  12  inches  thick  and  4  feet  long  by  12  feet  high. 

The  tile  were  tested  individually,  and  their  strength  was  much  greater  than  those 
usually  used  in  building  construction.  Their  design  was  such  that  all  the  net  area 
was  in  bearing  when  carefully  set  on  end  in  the  wall.  The  walls  were  carefully  laid 
by  an  experienced  mason  and  undoubtedly  had  a  greater  strength  than  those  in 
buildings. 

Of  the  32  walls  about  half  were  built  with  the  cells  of  the  tile  vertical  and  half  with 
the  cells  horizontal.  A  few  walls  of  each  construction  were  tested  under  a  load 
having  an  eccentricity  of  2  inches. 

Considerable  differences  in  the  strength  of  the  tile  did  not  have  an  appreciable  effect 
on  the  strength  of  the  walls.  No  relation  was  found  between  the  ultimate  strength 
and  the  load  at  first  crack. 

The  stress  at  failure  computed  on  the  net  sectional  area  was  remarkably  constant 
for  lot  A  tile,  on  end,  being  independent  of  the  size  of  the  tile. 

Walls  having  the  cells  of  the  tile  vertical  had,  on  the  average,  more  than  twice  the 
strength  of  those  having  the  cells  horizontal. 

Walls  loaded  with  an  eccentricity  of  2  inches,  over  one-half  the  width  of  the  wall, 
had  about  one-half  the  strength  of  similar  walls  axially  loaded.  Apparently  this 
ratio  is  independent  of  the  thickness  of  the  wall. 

No  relation  could  be  found  between  the  modulus  of  elasticity  of  the  walls  and  that 
of  the  tile. 
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1.  INTRODUCTION. 
1.  SCOPE  OF  THE  TESTS. 

The  Bureau  of  Standards  has  for  a  number  of  years  conducted 
tests  to  determine  the  strength  and  other  physical  properties  of 
hollow  building  tile.  Some  of  the  test  results  have  already 
been  published1  and  are  concerned  with  the  compressive  strength 
and  absorption  of  the  individual  tile.  Other  tests,  those  reported 
here,  have  been  conducted  to  determine  the  compressive  strength 
of  walls  built  of  this  material. 

This  investigation  was  planned  by  J.  H.  Griffith,  of  the  Bureau 
of  Standards,  in  cooperation  with  the  officials  of  the  National 
Fire  Proofing  Co.  A.  V.  Bleininger,  of  the  ceramics  division  of 
this  bureau,  acted  in  an  advisory  capacity.  Some  time  after  the 
work  had  been  started  committee  C-10,  on  hollow  building  tile, 
of  the  American  Society  for  Testing  Materials,  was  instructed 
to  conduct  a  similar  investigation.  To  avoid  needless  duplica- 
tion it  was  thought  desirable  to  cooperate  with  that  committee 
in  so  far  as  possible. 

At  a  conference  between  the  interested  parties  it  was  decided 
that  the  thickness  of  the  walls  to  be  tested  should  be  6,  8,  and  12 
inches,  the  length  of  each  wall  4  feet,  and  the  height  12  courses 
of  1 2 -inch  tile.  The  other  features  were  to  conform  to  the  original 
program  of  the  bureau  and  are  given  in  more  detail  later. 

2.  ACKNOWLEDGMENTS. 

Acknowledgments  are  due  the  National  Fire  Proofing  Co., 
particularly  R.  W.  Allison  and  P.  H.  Bevier,  for  donating  all  the 
tiles  used  for  these  walls. 

II.  DESCRIPTION  OF  THE  MATERIAL  AND  WALLS. 
1.  HOLLOW  BUILDING  THE. 

The  tile  made  from  fire  clay  used  in  walls  1  to  24  were 
designated  as  lot  A  and  came  from  a  factory  in  Ohio ;  those  made 
from  plastic  clay  in  walls  25  to  32,  and  designated  as  lot  B,  came 
from  New  Jersey. 

The  instructions  for  selecting  the  samples  were  that  "the 
tile  are  to  be  of  a  grade  which  conforms  to  good  commercial 
practice,  without  reference  to  the  degree  of  burning"  in  the 
kilns.  The  samples  were  chosen  by  the  manufacturer,  using  the 
methods  usual  for  building  construction. 

1  B.  S.  Tech.  Paper  No.  120,  Tests  of  Hollow  Building  Tile,  by  Hathcock  and  Skillman. 
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All  tile  were  12  inches  long,  12  inches  wide,  and  either  6,  8, 
or  12  inches  thick.  The  6  and  8  inch  tile  had  four  large  longi- 
tudinal cells  or  openings,  but  the  12 -inch  tile  had  six  of  these 
spaces.  Typical  end  views  of  each  size  are  shown  in  Figure  1. 
The  outside  surfaces  had  grooves  to  provide  an  efficient  bond 
with  the  mortar.     Double  webs  across  the  tile,  moreover,  gave 


6"x/2"x/2" 

Fig. 


8"xI2"xIZ" 

-End  view  of  tile. 


bearing  surfaces  for  the  edges  of  adjoining  tile  when  the  joints 
are  broken  in  the  usual  manner. 

The  high  strength  of  these  walls  and  of  the  tile  used  in  building 
them  was  due  not  so  much  to  the  selection  of  strong  tile  as  to  the 
characteristics  of  the  clay  from  which  the  tile  were  made. 

The  strength  of  these  tile  was  greater  than  the  average 
obtained  on  many  samples  of  the  tile  tested  at  the  Bureau  of 
Standards.     The    value    of    the    results    of    this    investigation, 
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therefore,  will  lie  not  in  the  strength  of  the  walls,  but  in  the 
relation  of  the  strength  to  the  manner  of  loading  and  to  the 
strength  of  the  individual  tile. 

2.  MORTAR. 

The  mortar  was  given  careful  consideration.  Some  experts 
believed  that  the  mortar  for  tile  walls  should  consist  only  of 
cement  and  sand  without  the  addition  of  lime.  If  the  tile  are 
set  with  the  cells  vertical  and  this  mortar  is  used,  much  of  it 
falls  off  the  narrow  edges  of  the  tile  and  makes  considerable 
"pointing"  of  the  joints  necessary  later.  Moreover,  considerable 
care  and  labor  are  required  to  spread  cement  mortar  which  lacks 
the  plasticity  of  lime  mortar.  The  joints  for  these  reasons  are 
not  filled  as  completely  with  cement  mortar  as  with  more  plastic 
mortars.  Tests  of  brick  piers2  in  this  and  other  laboratories 
have  shown  the  great  strength  of  those  in  which  lime-cement 
mortars  were  used. 

Having  considered  the  properties  of  lime-cement  mortars, 
particularly  the  values  obtained  by  W.  E.  Kmley,3  the  following 
composition  for  the  mortar  was  adopted: 

1  cubic  foot  Portland  cement 

%  cubic  foot  hydrated  lime        [by  volume, 

3  cubic  feet  sand  (oven  dry) 

equals  approximately: 

94  pounds  Portland  cement 

10  pounds  hydrated  lime  [by  weight. 

300  pounds  sand  (oven  dry) 

The  cement  and  the  lime  were  of  good  quality.  In  mixing 
the  mortar  sufficient  water  was  added  to  give  the  plasticity 
desired  by  the  mason. 

3.  CONSTRUCTION  OF  THE  WALLS. 

All  the  walls  were  about  4  feet  long  and  12  feet  high.  They 
were  laid  with  great  care  by  an  experienced  mason  and  were  of 
much  better  workmanship  than  is  obtained  in  practice.  The 
results  obtained  from  these  walls  should  not  be  used  in  design 
unless  the  proper  allowances  are  made,  but  if  this  is  done  it  is 
believed  that  many  of  the  conclusions  are  of  value  in  construction 
work. 

2  B.  S.  Tech.  Paper  No.  in.  Compressive  Strength  ot  Large  Brick  Piers,  by  Bragg. 

3  Properties  of  cement-lime-sand  mortars,  W.  E.  Emley,  Proc. ,  Amer.  Soc,  for  Testing  Materials,  p.  261 ;  1917. 


Bureau  of  Standards  Technologic  Papers,  Vol.17. 


Fig.   2. — Tile  wall  in  testing  machine. 


The  wall  shown  here  was  not  tested  for  this  investigation,  but  the  photograph  shows  the 

method  of  testing. 
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The  walls  were  built  in  the  laboratory  on  metal  base  plates. 
One  surface  was  machine  finished.  The  plate  was  carefully 
leveled  on  the  floor  before  starting  the  wall  to  make  the  bottom 
surface  of  the  wall  perpendicular  to  the  vertical  axis.  The  tile 
were  wet  thoroughly,  using  a  hose,  before  laying.  All  joints  were 
filled  with  mortar.  The  mason  tried  to  make  the  horizontal 
joints  with  an  average  thickness  of  three-eighths  inch.  Due 
to  irregularities  in  the  tile,  it  was  impossible  to  obtain  a  uniform 
thickness  of  the  vertical  joints. 

The  base  plates  were  provided  with  yokes  for  lifting  the  walls 
into  position  in  the  10,000,000-pound  hydraulic  testing  machine 
by  means  of  a  crane.  The  machined  surface  of  the  plate  rested  on 
the  lower  head  of  the  testing  machine.  To  make  the  axis  of  the 
wall  lie  in  the  axis  of  the  machine,  the  lower  head  was  tilted  in  its 
spherical  bearing.  A  layer  of  freshly  mixed  plaster  of  Paris  was 
spread  over  the  top  of  the  wall  and  the  excess  plaster  squeezed  out 
(fig.  2)  by  lowering  the  upper  head.  After  capping,  from  12  to  20 
hours  elapsed  before  testing. 

It  was  planned  to  test  the  walls  one  month  after  building,  but 
for  four  of  the  walls  (Nos.  19  to  22)  the  tests  were  unavoidably 
delayed,  so  that  they  were  from  65  to  277  days  old.  These  walls 
were  all  in  Series  III,  which  was  loaded  eccentrically. 

III.  DETAILS  OF  THE  TESTS. 

1.  TESTS  OF  MORTAR. 

Several  tests  were  made  on  the  mortar  to  determine  its  physical 
properties.  For  these  mortar  tests  the  water  was  11.2  per  cent, 
by  weight,  of  the  dry  material  and  the  yield  1  cubic  foot  of 
mortar  for  127.5  pounds  of  the  dry  ingredients.  The  tensile  and 
the  compressive  strength  was  measured  for  several  ages  when  stored 
in  air  and  when  stored  in  water. 

2.  TESTS  OF  INDIVIDUAL  TILE. 

Six  tile  of  each  size  of  the  A  tile  and  the  same  number  of  the  B 
tile  were  tested  in  compression  after  being  capped  with  plaster  of 
Paris.  Three  from  each  lot  were  tested  with  the  cells  parallel  to 
the  action  line  of  the  load  and  three  with  the  cells  perpendicular 
to  the  load.  The  small  number  of  samples  selected  to  determine 
the  physical  properties  of  the  individual  tile  should  be  taken  into 
consideration  when  comparing  the  values  of  the  tile  and  the  walls, 
as  from  5  to  10  specimens  have  been  found  necessary  to  obtain 
reliable  average  values. 
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The  cross  sections  of  five  tile  from  each  lot  were  obtained 
and  the  average  used  in  computing  the  net  sectional  area  of  the 
walls.  After  the  compressive  tests,  samples,  approximately  square, 
free  from  cracks,  and  having  an  area  of  from  12  to  20  square 
inches,  were  selected  from  each  of  the  tile  for  the  absorption  tests. 
The  samples  were  dried  at  about  1200  C.  (2480  F.)  until  the  weight 
became  constant,  then  boiled  in  distilled  water  for  five  hours. 
The  results  are  given  in  Table  1 . 

TABLE  1.— Tests  of  Individual  Tile. 


Tile 

Size  of  tile 
(inches). 

Direction 
of  cells. 

Color. 

Net  sec- 
tional 
area. 

Absorp- 
tion. 

Ultimate  strength. 

Strength 
at  first 
crack, 

net  area. 

Modulus 

from 
lot— 

Gross 
area. 

Net 
area. 

ticiry, 
net  area. 

A 

A 

12  by  12  by  12... 

Vertical 

do  .. 

Light.... 

...do 

Medium 

Sq.  in. 
58.1 
63.8 
56.9 

Per  ct. 

7.2 
8.8 
6.3 

Lbs./in.2 

2,960 
2,635 
2,970 

Lbs./in.2 
7,340 
5,940 
7,520 

Lbs./in.2 
5,000 
5,000 
5,500 

Lbs.,in.s 

3,400,000 
3,570,000 
3, 850, 000 

A 

do 

do 

59.6 

7.4 

2,855 

6,930 

5,170 

3,610,000 

8  by  12  by  12.... 
do 

Vertical 

do 

do 

Medium 

...do 

...do 

A 

A 

42.7 
43.9 
46.5 

6.3 
9.0 
9.9 

2,270 
2,260 
2,420 

5,100 
4,940 
4,980 

3,000 
4,940 
4,980 

3,450,000 
3,180,000 
2,700,000 

A 

do 

44.4 

8.4 

2,320 

5,010 

4,310  1  3,110,000 

6  by  12  by  12.... 
do 

Vertical 

do 

Dark.... 
..  do 

A 

A 

33.8 
34.1 
33.7 

4.9 
4.6 

4.4 

4,660 
3,880 
3,510 

9,910 
8,180 
7,480 

7,000  1  5,130,000 

A 

do 

do... 

Medium 

4' 000  |  2 [700',  000 

33.9 

4.6 

4.020 

8,520 

5  330  |  4  140  000 

12  by  12  by  12... 
do 

Horizontal.. 
do 

Light.... 
...do 

A 

32.4 
31.2 
32.4 

7.8 
5.3 

5.4 

760 
960 
800 

3,390 
4,420 
3,540 

2,410 
3,170 
2  130 

A 

A 

do 

do 

Medium 

32.0 

6.2 

840 

3,780 

2  570  i 

8  by  12  by  12.... 

Horizontal.. 
do 

Dark.... 
Medium 
Dark.... 

A 

A 

21.6 

21.6 
21.6 

7.3 
5.4 
6.0 

1,175 
1,230 
1,310 

5,220 
5,470 
5,800 

4,630  i 

5  370  1 

A 

do 

do... 

21.6 

6.2 

1,240 

5,460 

4,540 

6  by  12  by  12.... 
do 

Horizontal.. 
do 

Medium 
...do 

A 

A 

18.0 
21.6 
21.6 

4.8 

5.4 
7.5 

1,685 
1,710 
1,600 

6,750 
5,690 
5,340 

3,200  ! 

2  040 

A 

do 

do.... 

..do 

2  220  ' 

20.4 

5.9 

1,665 

5,930 

2  490 

12  by  12  by  12... 
do 

Vertical 

do 

Light.... 
Medium 
Dark 

B 

B 

64.0 
64.0 
64.0 

12.1 
9.6 
13.8 

1,405 
2,220 
1,405 

3,160 
5,000 
3,160 

2,250     2,000,000 
1,750  >  2,800,000 
1  500     2  200  000 

B 

do 

do... 

64.0 

11.8 

1,680 

3,770 

1,830  |  2,330,000 

6  by  12  by  12.... 

do 

do 

Vertical 

do 

do 

Light.... 
Medium 
Dark.... 

B 

38.0 
38.0 
38.0 

22.9 
13.1 
13.6 

1,320 
1,695 
2,700 

2,500 
3,210 
5,110 

2,160 
1,870 
2,250 

B 

B 

3,700,000 
4,400,000 

38.0 

16.5 

1,905 

3,610 

2,090  |  4,050,000 

12  by  12  by  12... 

Horizontal. . 
do 

Light.... 
Medium 
Dark.... 

B 

34.0 
34.0 
34.0 

13.9 
9.6 

7.5 

490 
460 
520 

2,070 
1,950 
2,210 

2,500,000 
3,300,000 
4  700  000 

B 

750 
1,000 

B 

do 

do... 

34.0 

10.3 

490 

2,080 

875 

3,500  000 

6  by  12  by  12.... 
do 

Horizontal . . 
do... 

Light.... 
Medium 
Dark 

B 

B 

22.5 
22.5 
22.5 

17.4 
16.3 
17.6 

480 
610 
670 

1,540 
1,950 
2.130 

1,110 
1,510 
1,110 

1,100,000 
1  600  000 

B 

do 

do... 

1,900,000 

22.5 

17.1 

585 

1,870 

1,240 

1,530,000 
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Center  line  of 


3.  TESTS  OF  THE  WALLS. 

The  walls  fall  into  groups,  depending  on  the  construction  or  the 
method  of  loading.  All  the  walls  were  axially  loaded  except  those 
in  Series  III,  for  which  the  load 
had  an  eccentricity  of  2  inches. 
A  sectional  view  of  wall  Xo.  19 
under  eccentric  load  is  given  in 
Figure  3. 

Compressometer  readings  were 
taken  at  each  corner  of  the  wall, 
with  the  gauge  length  nearly 
the  height  of  the  wall.  Read- 
ings were  taken  with  a  Berry 
strain  gauge  on  several  8 -inch 
gauge  lines,  some  on  individual 
tile,  and  some  across  horizontal 
joints.  The  method  of  measur- 
ing these  deformations  was  essen- 
tially that  described  in  Tech- 
nologic Papers  Nos.  1 1 1  and  120. 

The  horizontal  deflection  at 
mid  height  of  the  wall  was  meas- 
ured with  a  scale  from  a  wire 
hung  vertically  near  the  center 
line  of  one  side  of  the  wall.  The 
effect  of  loading  the  walls  was 
carefully  noted.  Any  cracking 
or  spalling  was  recorded. 


testing tmn 
Center  line 

:hine-+ 

j 

Z.V 

of  wall 

■ 

*2'- 

--6 *• 

1        1 

1 

\ 

1            1 

1 

\ 

1 

Fig.  3. — Cross-sectional  "view  of  "wall  with 
cells  horizontal,  showing  method  of  apply- 
ing the  eccentric  load. 


IV.  RESULTS,  WITH  DISCUSSION  OF  THE  TESTS. 
1.  TESTS  OF  MORTAR. 

The  tensile  strength  of  the  mortar  after  being  stored  in  air  for 
six  months  was  275  lbs. /in.2  The  specimens  stored  in  water  for 
six  months  averaged  358  lbs. /in.2 

The  compressive  specimens  were  2-inch  cubes.  Stored  in  air, 
their  strength  averaged  1,750  lbs. /in.2  after  seven  days,  and  2,700 
lbs. /in.2  after  six  months.  Those  stored  in  water  for  six  months 
averaged  4,000  lbs. /in.2 

2.  TESTS  OF  INDrVTDUAL  TILE. 

The  results  of  the  tests  on  individual  tile  are  given  in  Table  1. 
They  indicate  that  the  tile  used  for  these  walls  had  approximately 
the  same  properties  as  those  reported  in  Technologic  Paper 
No  120. 

48816°— 23 2 
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The  results  of  the  wall  tests  are  found  in  Table  2  and  in  Figure  4. 
The  thickness  of  the  wall  is  the  first  figure  under  "Size  of  wall 
tile."  Under  the  heading  "Ultimate  strength"  are  given  four 
sets  of  values  for  the  strength  of  the  walls.  The  first  of  these 
columns  gives  the  maximum  load  on  the  wall  in  pounds.  The 
next,  the  load  in  short  tons  (2,000  pounds)  sustained  by  each  linear 
foot  of  the  wall.  The  actual  lengths  varied  from  48^  to  5 1  inches. 
In  the  third  column  will  be  found  the  stress  for  the  gross  area  and 
in  the  fourth  the  stress  for  the  net  sectional  area  of  the  wall. 

The  strength  at  first  crack 
was  the  load  at  which  the  first 
indication  of  failure  occurred, 
either  cracking  or  spalling.  A 
discussion  of  the  behavior  of 
these  walls  under  load  may  be 
given  as  follows: 

(a)  Although  the  strength  of 
the  individual  tile  in  lot  A  was 
about  twice  that  for  the  tile  in 
lot  B,  the  strengths  of  the  walls 
made  from  these  tile  were  only 
slightly  greater.  The  ultimate 
strength  of  the  walls  made  from 
the  A  tile  averaged  about  37  per 
cent  of  the  strength  of  the  indi- 
vidual tile,  while  those  made 
from  the  B  tile  averaged  about 
55  per  cent. 

(6)  From  the  theory  of  columns 
it  might  be  expected  that  a 
thick  wall,  the  height  being  the 
same,  would  sustain  a  greater 
load  than  a  thin  one.  These  tests,  on  the  contrary,  show  no 
effects  which  can  be  definitely  ascribed  to  "column  action," 
although  the  slenderness  ratio  for  the  6-inch  walls  was  over  60. 
This  is  confirmed  by  the  small  deflection  of  the  walls. 

(c)  Apparently  there  is  no  relation  between  the  ultimate 
strength  of  a  wall  and  the  load  at  first  crack. 

(d)  The  walls  having  the  cells  of  the  tile  vertical  had,  on  the 
average,  more  than  twice  the  strength  of  those  having  the  cells 
horizontal.     For  both   these  cases  the  values   of  the   stress   at 


a 

Tile  diz.e 


Centra  I.        ,,  Eccentric 
Load/ng 


Fig. 


-Ultimate  strengths  for  the  walls 
built  of  Ohio  tiles. 
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failure  were  remarkably  constant  for  the  tile  in  lot  A  on  end, 
being  apparently  independent  of  the  size  of  the  tile.  The  ulti- 
mate stresses,  computed  on  the  net  sectional  area,  were  also 
somewhat  greater  for  the  walls  having  the  cells  vertical,  except 
for  the  6-inch  A  tile,  for  which  the  stresses  in  the  walls  having 
the  cells  horizontal  were  slightly  greater.  Apparently  the  advan- 
tage of  setting  the  tile  with  the  cells  vertical  is  greater  for  eccen- 
trically loaded  walls  than  for  walls  which  are  axially  loaded. 

(e)  In  only  one  case  could  a  direct  comparison  be  made  between 
"broken"  and  "unbroken"  joints.  Wall  Xo.  31  with  "broken" 
joints,  but  in  all  other  respects  identical  in  construction  with 
walls  Nos.  25  and  26,  which  had  "unbroken"  joints,  shows  a 
much  higher  strength.  Conclusions,  however,  should  not  be 
drawn  from  the  results  from  one  specimen.  Attention  is  called 
to  the  fact  that  in  these  tile  the  transverse  webs  were  spaced  to 
give  full  bearing  over  the  end  of  the  tile  when  the  cells  were 
vertical  and  the  joints  "broken,"  as  well  as  when  the  joints  were 
"unbroken." 

(/)  For  the  axially  loaded  walls  the  failure  was  sometimes  by 
crushing  at  the  top  and  sometimes  by  vertical  cracking  through 
the  joints.  No  consistent  difference  in  strength  was  found  for 
these  two  types  of  failure.  Probably  the  crushing  at  the  top 
was  determined  by  the  plaster  cap,  which  was  somewhat  weaker 
than  the  mortar  joint. 

(g)  Walls  loaded  with  an  eccentricity  of  2  inches  over  one- 
half  the  width  of  the  wall  had  about  one-half  the  strength  of 
similar  walls  axially  loaded.  Apparently  this  ratio  is  indepen- 
dent of  the  thickness  of  the  wall.  The  maximum  deflection  for 
the  eccentrically  loaded  walls  was,  on  the  average,  0.04  inch, 
undoubtedly  a  very  small  value,  which  was  exceeded  by  six  of  the 
axially  loaded  walls. 

(h)  Failure  in  the  case  of  the  eccentrically  loaded  walls  was 
local.  The  upper  bearing  plate  (fig.  3)  rested  on  two  of  the  webs 
of  each  tile  in  the  upper  course.  The  stress  in  these  webs  was, 
therefore,  much  greater  than  in  the  lower  courses  in  which  the  load 
was  more  uniformly  distributed. 

(t)  As  it  was  found  that  the  modulus  of  elasticity  varied  greatly 
for  tile  in  the  same  wall  and  because  the  value  for  the  tile  upon 
which  gauge  lines  were  placed  was  unknown,  the  strain-gauge 
readings  were  of  little  use.  The  readings  on  the  same  gauge 
line  did  not  vary  with  the  load,  but  were  often  very  erratic. 
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This  may  have  been  due  to  a  redistribution  of  the  stress  as  the 
load  increased.  In  general,  the  deformation  across  a  joint  was 
much  greater  than  for  the  adjacent  tile,  in  many  cases  being 
twice  as  great. 

(;')  The  deformation  of  the  wall,  as  a  whole,  is  shown  in  Figure  5, 
for   wall    No.    1,    under    axial    loading.     These    compressometer 
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FlG.  5. — Characteristic  compressometer  curves,  shoeing  deformation  of  wall  No.  I  under 
central  loading.     I.  NE.  corner;  2.  SW.;  j.  NW.;  4.  SE. 

curves  are  characteristic  for  the  axially  loaded  walls.  Similar 
curves,  which  are  characteristic  of  the  eccentrically  loaded  walls, 
are  shown  in  Figure  6  for  wall  No.  19. 

(k)  The  modulus  of  elasticity  of  the  walls  varied  over  a  wide 
range,  and  apparently  there  is  no  relation  between  the  modulus 
for  the  wall  and  that  for  the  individual  tile. 
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1 .  The  walls  built  of  high-strength  tile  were  set  with  great  care 
by  an  experienced  mason.  They  were,  undoubtedly,  much 
stronger  than  walls  built  under  ordinary  commercial  conditions. 

2.  Great  differences  in  the  strength  of  the  tile  do  not  appear 
to  have  an  appreciable  effect  on  the  strength  of  the  walls. 

3.  The  stress  at  failure  of  the  thin  walls  was  about  the  same 
as  for  the  thick  walls,  showing  that  there  was  no  appreciable 
"column  action." 


0.0001  0.0OOZ  0.0003  0.0004- 

Deformation  in.perin. 

Fig.  6. — Oiaracteristic   compressometer   curves,    shouing   deformation    of  u-all   No.    IQ 
under  eccentric  loading.     1.  NE.  corner;  2.  SE.;  3.  NW.;  4.  SW. 

Load  applied  on  a  north-south  line,  2  inches  west  of  longitudinal  center  plane  of  wall. 

4.  No  relation  was  found  between  the  ultimate  strength  and 
the  load  at  first  crack. 

5.  The  stress  at  failure,  computed  on  the  net  sectional  area, 
was  remarkably  constant  for  the  tile  in  lot  A  on  end  being,  inde- 
pendent of  the  size  of  the  tile. 

6.  The  walls  having  the  cells  of  the  tile  vertical  had,  on  the 
average,  more  than  twice  the  strength  of  those  having  the  cells 
horizontal. 
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7.  "Walls  loaded  with  an  eccentricity  of  2  inches  over  one-half 
the  width  of  the  wall  had  about  one-half  the  strength  of  similar 
walls  axially  loaded.  Apparently  this  ratio  is  independent  of  the 
thickness  of  the  wall. 

8.  The  eccentrically  loaded  walls  failed  by  crushing  of  the  tile 
under  the  bearing  plate. 

9.  Due  to  the  wide  differences  in  the  modulus  of  elasticity  of 
the  tile  strain-gauge  readings  were  of  little  use.  In  general,  the 
deformation  across  a  joint  was  much  greater  than  for  the  adjacent 
tile,  in  many  cases  being  twice  as  great. 

10.  No  relation  could  be  found  between  the  modulus  of  elas- 
ticity for  the  wall  and  that  for  the  tile. 
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TESTS  OF  CAUSTIC  MAGNESIA  MADE  FROM  MAG- 
NESITE  FROM  SEVERAL  SOURCES. 

By  P.  H.  Bates,  Roy  N.  Young,  and  Paul  Rapp. 


ABSTRACT. 


The  properties  of  oxychloride  cement  have  been  studied,  particularly  in  relation  to 
the  source  (or  properties)  of  the  magnesite  ore,  conditions  during  calcination  of  the 
ore,  and  various  oxychloride  cement  mixtures.  Ore  from  Greece,  from  two  different 
sources  in  California,  and  from  the  State  of  Washington  were  used.  The  first  three 
are  of  the  amorphous  variety;  the  last  is  coarsely  crystalline.  Each  ore  was  crushed 
and  separated  into  three  lots,  differing  only  in  size  of  particles.  Each  lot  was  then 
calcined  under  fixed  conditions  throughout  the  operation.  The  temperature  range, 
including  all  burns,  was  from  700  to  i,ioo°  C.  Each  lot  of  calcined  ore  was  prepared 
for  use  by  grinding — in  some  cases  "aging"  was  necessary — and  used  in  three  floor- 
ing formulas,  two  stucco  formulas,  and  one  laboratory  test  formula.  Only  one  con- 
centration (220  B.)  of  magnesium  chloride  solution  was  mixed  with  the  dry  materials 
and  the  consistencies  of  the  wet  mixtures  (excepting  the  laboratory  test  mix)  were 
kept  as  nearly  the  same  as  possible. 

Service  tests  were  made  in  conjunction  with  the  laboratory  tests.  The  service 
tests  consisted  of  the  laying  of  flooring  panels;  erection  of  stucco  panels,  all  exposed 
to  actual  service  conditions;  and  subsequent  observations.  The  chief  laboratory 
tests  were:  (1)  Time  of  set,  (2)  strength  tests  (tensile,  transverse,  and  compressive), 
(3)  water  resistance,  and  (4)  change  in  volume.  The  results  show  that  the  various 
ores  used  require  different  conditions  of  calcination  in  order  to  produce  caustic 
magnesias  of  approximately  the  same  quality.  The  behavior  of  the  cement  mixture 
is  affected  to  a  very  great  extent  by  variations  in:  (1)  The  degree  of  calcination  of 
the  ore,  (2)  the  various  types  of  aggregates  often  used  in  practice,  and  (3)  the  relative 
amounts  of  given  constituents  in  a  mixture. 
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I.  PURPOSE  OF  THE  INVESTIGATION. 

In  view  of  the  fact  that  the  physical  properties  of  caustic  mag- 
nesia produced  by  burning  magnesite  at  relatively  low  tempera- 
tures (under  i,ioo°  C.)  have  been  found  to  vary  considerably,  the 

529 
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Oxychloride  Cement  Association  suggested  to  the  bureau  the 
desirability  of  conducting  an  investigation  in  which  these  varia- 
tions should  be  studied.  As  it  has  also  been  stated  that  mag- 
nesites  from  different  deposits  require  different  burning  tempera- 
tures to  produce  magnesia  of  the  same  quality,  it  was  deemed 
advisable  to  include  this  factor  also  in  the  study. 

At  the  time  the  investigation  was  started  practically  all  the  caus- 
tic magnesia  used  in  this  country  was  being  produced  from  deposits 
in  California.  One  of  those  most  actively  worked  was  located 
at  Livermore,  and  the  other,  consisting  of  two  mines,  was  located 
close  to  Porterville.  There  are  a  number  of  other  large  deposits 
in  this  State,  but  at  that  time  they  were  being  operated  but  inter- 
mittently, or  other  difficulties  intervened  so  that  ore  for  the  pur- 
pose of  this  investigation  could  be  obtained  only  from  the  Liver- 
more  and  Porterville  mines.  These  ores,  however,  seemed  to  be 
typical  of  the  so-called  amorphous  magnesites,  and  were  thought 
to  represent  what  extremes  might  be  encountered  in  such  closely 
similarly  appearing  material. 

At  the  same  time  the  large  deposits  of  crystalline  magnesite, 
located  near  Vallery  and  Chewelah,  Stevens  County,  Wash.,  were 
being  extensively  worked  as  a  source  of  "dead  burned"  magnesia 
for  use  in  making  refractories.  This  type  of  magnesite  had  been 
imported  into  this  country  before  the  late  war  in  large  quantities 
from  Austria-Hungary  to  supply  the  refractory  trade.  However, 
none  had  been  used  for  producing  caustic  magnesia  in  this  country, 
though  it  was  reported  then  and  it  has  since  been  confirmed  that 
it  was  being  burned  for  this  purpose  abroad.  As  the  deposits  in 
Washington  are  very  extensive,  comparatively  close  to  the  rail- 
road, and  of  a  purity  that  would  permit  its  use  for  caustic  burn- 
ing, a  shipment  for  experimental  burning  was  obtained  from 
Chewelah. 

The  importation  of  magnesia  at  the  time  the  investigation  was 
started  had  been  practically  cut  off,  due  to  the  war  conditions. 
However,  a  small  lot  of  amorphous  ore  from  Greece  was  located 
and  a  shipment  obtained.  From  what  locality  in  Greece  it  origi- 
nated is  not  known,  but  it  was  stated  by  those  acquainted  with 
the  ore  from  that  country  to  be  representative.  It  should  be 
stated  that  before  the  war  the  greater  part  of  the  caustic  magnesia 
used  in  this  country  came  from  Greece.  Some  was  imported  as 
ore  and  calcined  here,  but  by  far  the  greater  part  arrived  as 
caustic,  having  been  burned  for  the  carbonic  acid  gas,  generally  in 
Holland. 
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There  were,  therefore,  obtained  and  used  in  this  investigation, 
two  2 -ton  shipments  of  the  ore  representative  of  that  being  used 
in  this  country,  the  ore  from  Livermore  and  Porterville  (referred 
to  hereafter  as  D  and  C,  respectively),  a  shipment  of  about  the 
same  amount  of  crystalline  ore  from  Washington  (sample  A), 
which  deposit  offers  a  very  large  source  of  readily  worked  and 
accessible  ore,  and  a  2-ton  shipment  of  Grecian  (sample  B)  ore, 
which  ore  had  been  the  source  of  practically  all  the  caustic  used 
in  this  country  before  1915. 

II.  METHODS  OF  CALCINING. 

Two  factors  other  than  the  source  which  were  also  considered 
in  burning  the  magnesite  were  the  size  as  fed  to  the  kiln  and  the 
temperature  of  burning.  In  making  the  calcinations,  a  rotary 
kiln  30  feet  long  and  18  inches  inside  diameter  was  used  with  a 
constant  speed  of  one  revolution  per  minute.  It  was  not  possible, 
consequently,  to  consider  the  effect  of  time  of  burning,  although 
this  phase  of  burning  did  enter  into  the  question  in  a  somewhat 
uncontrollable  manner  in  that  with  the  same  speed  of  revolution 
the  different  sized  ore  would  pass  through  the  kiln  in  different 
times,  which  varied  from  1  hour  and  10  minutes  to  1  hour  and  45 
minutes.  Originally  it  was  intended  to  burn  each  of  the  three 
sizes  at  700,  800,  and  9000  C,  and  one  higher  temperature  to  be 
determined  after  the  results  of  the  first  burns  were  available. 
However,  it  was  soon  noted  that  the  large  size  would  be  decidedly 
underburned  at  the  lower  temperatures.  It  was  also  thought 
that  the  small  size  would  be  overburned  at  the  higher  tempera- 
tures, although  later  results  do  not  confirm  this.  Hence  the 
procedure  provisionally  adopted  was  the  burning  of  the  crushed 
ore  sized  to  pass  a  i-inch  screen  but  retained  on  the  half  inch,  at 
900 °  C,  that  passing  the  half  inch  but  retained  on  the  quarter, 
at  8oo°  C. ,  and  that  passing  the  quarter  but  retained  on  the  eighth 
inch,  at  7000  C.  The  first  burn  made  at  7000  showed  the  neces- 
sity of  modifying  the  procedure,  as  very  quick-setting  oxides 
were  being  obtained.  It  was  therefore  decided  to  vary  the  tem- 
perature for  each  size  of  each  kind  of  ore  according  to  the  results 
of  some  preliminary  work.  The  temperatures  used  are  given  in 
Table  1 .  These  are  the  lowest  temperatures  at  which  any  particular 
size  of  ore  could  be  burned  and  give  an  oxide  which  would  have  a 
workable  time  of  set  after  aging  a  reasonable  length  of  time. 
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TABLE  1. — Results  of  Certain  Tests  of  the  Finished  Burned  Materials. 


Magnesite. 

Size  of 
ore.1 

Tem- 
pera- 
ture of 
burn. 

Fineness  through 
sieve. 

Specific 
gravity. 

Weight  per  cubic 
foot. 

CO». 

Loss  on 
ignition. 

No.  100. 

No.  200. 

Loose.     Packed. 

A 

1 
2  and  3 

1 
2 
3 

1 
1 
2 
3 

1 
2 
3 

°C. 

900 
800 

900 

800 

700 

1,100 
900 
800 
750 

900 
850 
800 

Per  cent. 
98.4 
99.1 

84  4 
93.9 
95.4 

96.6 
92.4 
98.0 
97.6 

86.5 
99.5 
98.5 

Per  cent. 
85.6 
89.5 

»52.2 
2  70.9 
2  73.7 

78.2 
73.2 
81.3 
88.7 

2  58.0 
82.0 
81.6 

3.28 
3.22 

3  38 

3.31 
3.06 

3.36 
3.27 
2.85 
2.62 

3.42 
3.02 
3.02 

Lbs.         Lbs. 

47.9  1        58.5 
44.9  i        55.3 

44  4          56  6 

2.31 
3.34 

0.68 
0.97 
14.44 

0.77 
1.88 
6.52 
13.97 

0.99 
4.40 
6.35 

5.59 

B 

5.98 
2.00 

C 

39.2 
46.5 

47.4 
43.0 
50.2 
50.8 

52.6 

49.1 
54.8 

64.2 
51.5 
68.3 
60.2 

64.2 

3.08 
18.07 

1.86 

D 

5.13 
10.34 
25.80 

3.01 

44.2 
43.4 

52.8 

56.2 

11.18 
12.93 

1  Size  1,  passing  i-inch  but  retained  on  J-^-inch  screen;   size  2,   passing  J^-inch  but  retained  on  ^-inch 
screen;  and  size  3,  passing  M-inch  but  retained  on  No.  8  screen. 
•  Clogged  screen.    Particles  agglomerated. 

TABLE  2. — Composition  of  Dry  Mixes. 

Per  ce_t  by  Weight. 


Mark. 

MgO. 

Wood 
flour. 

Asbes- 
tos. 

Silica. 

Silocel. 

Clay. 

Color. 

Cork. 

Local 
mortar 
sand. 

Standard 
Ottawa 
sand. 

FC 

35.0 

35.0 
35.0 
45.0 
25.0 
25.0 
15.0 

15.0 

10.0 
15.0 

11.0 

'25.0 

10.0 
10.0 

11.5 

25.0 
5.0 
5.0 

15.0 
5.8 

25.0 

5.0 

3.0 
3.0 

25.0 

30.0 
30.0 
20.0 
50.0 
34.6 
50.0 



20.0 
15.0 

22.0 

7.5 

7.5 

FT-1 

10.0 
10.0 
10.0 
10.0 
11.5 
10.0 

FT-2 

5.0 
5.0 

5.0 
5.0 

FT-3 

FT-4 

FT-5 

5.8 

5.8 

FT-6 

SS 

10.0 

5.0 

65.0 

67.0 
67.0 

ST-1 

ST  2 

CM 

67.0 

1  Sawdust. 

FC=  flooring  cushion.  SS=  stucco  scratch.  CM=  standard  mix.  FT=  flooring  top  coat.  ST=  stucco  top 
coat. 

Asbestos.    Mixture  of  equal  parts  C  and  D  grades. 

Silica.  Ground  potters'  flint,  fineness  99.0  per  cent  passing  100-mesh  sieve  and  89.6  per  cent  passing 
200-mesh  sieve. 

Clay.    Newark  kaolin.    Color.    Red  iron  oxide. 

Sieve  Analyses  for  Aggregates:  Per  Cent  Passing  Indicated  Sieves. 


U.S. 

standard 

Cork. 

Local 
sand. 

Wood 
flour. 

sieve  No. 

8 

100.0 
98.7 

100.0 
99.4 

99.9 
99.8 

15 

30 

77.6 

88.0 

98.8 

50 

44.3 

33.4 

90.6 

100 

31.7 

5.8 

64.5 

200 

25.5 

2.2 

35.6 
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III.  METHODS  OF  TESTING. 

After  calcination  the  magnesia  was  ground  in  a  ball  mill  to  the 
fineness  indicated  in  Table  1 .  The  agglomeration  of  the  particles 
makes  it  practically  impossible  to  obtain  the  true  finess  by  dry 
sieving.  Sieving  by  the  use  of  water  is  prohibitive  on  account 
of  the  very  rapid  hydration  of  the  lower  burned  oxides.  The 
fineness  indicated  for  the  No.  200  sieve  is,  therefore,  in  certain 
cases,  considerably  lower  than  the  true  value. 

The  physical  properties  of  the  oxides  so  prepared,  when  used 
in  the  form  of  several  flooring  and  stucco  mixtures  (see  Table  2), 
were  determined  according  to  the  tests  indicated  in  Tables  5  and 
7.  In  addition  to  these  laboratory  tests,  duplicate  test  panels  of 
all  of  these  mixtures,  excepting  the  CM  mix,  were  placed  in  actual 
service.  Each  test  panel  covers  from  25  to  35  square  feet.  In 
the  case  of  the  flooring  mixtures,  one  panel  was  placed  where  it 
would  be  subjected  generally  to  more  wear  than  the  other.  They 
were  placed  over  a  finished  concrete  floor,  to  which  expanded 
metal  lath  had  been  attached.  The  stucco  mixes  were  placed 
upon  the  hollow-tile  wall  of  a  penthouse,  one  receiving  an  eastern 
or  northern  exposure  and  the  duplicate  a  western  or  southern 
exposure. 

The  formulas  used  in  these  various  test  pieces  are  not  suggested 
for  general  use.  In  practical  work  no  fixed  formula  should  ever 
be  used.  The  variations  in  the  quality  of  the  oxides  purchased 
or  in  the  aggregates  used  are  such  as  may  require  the  modification 
of  any  formula.  What  is  desired  is  a  product  having  certain 
physical  qualities  and  not  one  of  a  certain  fixed  composition. 
The  latter  could  be  used  for  test  purposes  to  determine  the  physi- 
cal qualities  of  the  different  ingredients  in  the  mix,  varying  not 
more  than  one  of  these  ingredients  at  a  time.  The  limited  number 
of  formulas  used  were  chosen  especially  as  being  typical  of  the 
general  type  in  practical  use.  This  is  particularly  true  of  the 
stucco  formulas  and  flooring  formula  FT-3,  although  in  the  former 
case,  ST- 1  and  ST-2  may  be  considered  as  representing  the  mini- 
mum and  the  maximum  percentages,  respectively,  of  oxides  which 
are  generally  used. 

The  flooring  formula  FT-3,  while  it  is  typical  of  the  number, 
amounts,  and  character  of  the  various  ingredients  generally  used 
in  flooring  mixes,  contained  an  amount  of  magnesia  which  was 
until  recently  considered  somewhat  toward  the  lower  limit  used 
in  practice.     This  constituent  may  be  increased  up  to  60  per  cent 
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in  practice  at  the  expense  of  one  or  more  of  the  other  constituents. 
But  in  the  case  of  active  magnesias,  such  as  those  under  investiga- 
tion were,  it  is  well  to  hold  this  constituent  to  a  minimum  amount, 
and  therefore  the  effect  of  a  still  lower  amount  of  oxide  was 
studied  by  reducing  by  10  per  cent  the  amount  used  in  FT-3, 
with  an  addition  of  an  equivalent  amount  of  silica  and  obtaining 
formula  FT-2.  FT-i  was  used  in  order  to  see  if  a  laboratory  test 
formula,  in  which  was  present  but  one  of  each  of  those  types  of 
aggregates  generally  used  [fibrous  (asbestos  and  wood  flour), 
inert  filler  (silica),  and  color],  could  be  used  to  determine  both 
the  useability  of  any  magnesia  and  the  serviceability  of  such  a 
formula  in  actual  use.  FT-4,  FT-5,  and  FT-6  were  substituted 
in  a  few  exceptional  cases,  when  the  use  of  either  of  the  above 
formulas  indicated  the  desirability  of  a  change.  This  is  the  case 
of  magnesia  A,  the  flooring  panel  of  mix  FT-i,  which  showed  a 
tendency  to  "dish,"  crack,  and  separate  from  the  ground  coat, 
hence  mix  FT-4  was  used.  In  this  latter  the  silica  was  increased 
to  50  per  cent  by  reducing  both  the  magnesia  and  asbestos  of 
FT-i   10  per  cent. 

IV.  DISCUSSION  OF  DATA. 

1.  CHEMICAL  ANALYSIS. 

The  results  of  the  chemical  analyses  of  the  ores  are  shown  in 
Table  3.  While  a  2-ton  shipment  might  be  considered  sufficiently 
large  to  afford  a  representative  sample,  yet  it  can  only  be  such 
in  a  limited  sense.  Having  been  taken  from  the  output  of  a 
crusher  or  from  a  stock  bin,  it  is  only  representative  of  the  crusher 
output  or  of  the  material  in  the  bin  at  that  time  and  not  of  the 
whole  deposit.  However,  judging  from  the  analyses  of  the 
magnesites,  the  imported  contains  more  magnesium  carbonate 
than  the  domestic.  This  difference  is  but  small  in  amount  and 
other  samples  from  the  same  domestic  sources  as  these  which 
supplied  samples  have  been  equally  pure,  with  the  possible  excep- 
tion of  the  domestic  crystalline  magnesite.  An  examination  of 
the  data  from  the  physical  tests  will  reveal  that  the  quality  of  a 
calcined  magnesite  is  not  so  much  a  matter  of  actual  content  of 
magnesia  as  it  is  a  matter  of  burning  or  aging  after  burning. 
While  if  the  two  latter  requirements  of  preparation  are  properly 
met,  the  magnesite  of  higher  magnesia  content  would  quite 
likely  produce  the  better  caustic,  these  two  requisites  are  more 
likely  to  vary  and  are  more  difficult  to  control  than  the  composi- 
tion of  the  ore  delivered  to  the  kiln. 
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Mag- 
nesite. 

S1O2. 

Fe203. 

AI2O3. 

CaO. 

MgO. 

MnO. 

CO». 

Ignition    Insoluble 
loss.      1  residue. 

A 

5.59 
1.54 
3.12 
1.78 

0.79 
.26 

.44 
.28 

1.69 
.76 
.26 
.24 

1.48 
1.06 
1.13 
2.82 

42.25 

46.07 
46.00 
44.74 

0.13 
Nil. 
Nil. 
Nil. 

36.48 
50.31 
48.85 
50.70 

48.23 

50.61 
49.46 
50.70 

7.80 

B 

.29 

C. 

3.47 

D 

.44 

The  high  values  for  the  ignition  loss  and  carbonic  acid  (see 
Table  1)  in  certain  of  the  low-burned  materials  is  due  to  under- 
burning  in  some  cases  and  aging  in  others.  All  magnesia  after 
burning  and  without  grinding  was  stored  for  two  months'  in  large 
cans  with  loosely  fitting  covers  in  the  kiln  house.  It  was  then 
ground  and  used  in  the  case  of  the  two  first  oxides  listed  in  the 
table.  The  last  two  listed  burned  at  8500  or  lower  were  aged  in 
bags  in  the  laboratory  from  one  to  four  months  after  grinding. 
This  was  necessary  in  order  to  retard  the  time  of  set  sufficiently 
to  make  the  ground  oxide  usable.  The  oxide  from  magnesite  B 
burned  at  7000  C.  (not  aged  after  grinding)  had  an  ignition  loss  of 
18. 1  per  cent  and  was  so  quick  setting  as  to  be  unusable.  The 
oxide  from  magnesite  C  burned  at  7500  C.  had,  before  aging,  an 
ignition  loss  of  15.0  per  cent,  and  after  aging  two  months  after 
grinding,  a  loss  of  25.8  per  cent.  These  latter  figures  give  some 
idea  of  the  rate  of  aging  and  the  amount  of  absorption  which  took 
place.  During  this  period  the  time  of  set  was  retarded  from  that 
where  the  oxide  was  entirely  unusable  to  that  where  it  could  be 
mixed  in  batches  of  about  100  pounds  and  applied  to  panels. 
There  is  a  marked  difference  in  setting  time  between  large  and 
small  batches  if  there  is  any  appreciable  amount  of  heat  developed 
during  or  shortly  after  mixing,  as  this  heat  accelerates  the  set, 
and  with  large  masses  of  mix  with  relatively  small  surface,  the 
rise  in  temperature  is  greater,  due  to  less  heat  loss  through  radia- 
tion, than  with  the  smaller  masses  of  relatively  greater  surface. 

There  has  been  a  tendency  on  the  part  of  caust'c  magnesia 
users  to  demand  a  maximum  and  minimum  ignition  loss.  This  is 
based  upon  the  idea  that  this  would  show  either  that  the  one  had 
not  been  overburned  and  hence  contained  some  residual  carbonic 
acid  (thought  to  be  combined  with  the  lime  present)  or  else  had 
been  properly  aged  and  absorbed  the  demanded  amount  of  gas 
(or  moisture) .  If  the  results  of  the  carbonic  acid  and  ignition  loss 
determinations  in  Table  3  are  compared  with  the  physical  prop- 
erties of  the  corresponding  oxides,  the  lack  of  a  basis  for  any  such 
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demand  is  evident.  Properly  burned  oxide  does  not  require  aging 
and  may  have  an  amount  of  residual  gas  considerably  below  the 
minimum  requirement,  while  the  low-burned  oxides  will  have  far 
too  great  an  ignition  loss,  after  proper  aging,  to  meet  the  demands, 
though  they  may  then  have  satisfactory  physical  properties. 

At  the  present  time  the  results  of  these  calcining  experiments 
at  the  bureau  lead  to  the  belief  that  the  greatest  cementing  value 
would  be  obtained  from  magnesites,  if  they  could  be  burned  in  a 
state  of  fine  division,  at  temperatures  of  7000  C.  or  below.  This 
would  produce  an  oxide  almost  as  active  toward  water  as  quick- 
lime that  would  require  the  addition  of  a  retarder.  This  would 
reduce  the  speed  but  not  diminish  the  final  amount  of  reaction  of 
the  oxide  with  the  chloride.  It  should  be  borne  in  mind  that 
calcined  gypsum  and  even  Portland  cement  require  the  addition 
of  a  foreign  material  to  retard  their  activity  sufficiently  to  allow 
of  their  use.  The  caustic  oxides  on  the  market  are  rendered 
usable  by  calcining  at  higher  temperatures,  or  by  long-continued 
heating  or  aging  after  calcining,  all  three  of  which  render  part  of 
the  oxide  less  active. 

2.  FINENESS  AND  SPECIFIC  GRAVITY. 

Table  1,  which  gives  the  results  of  the  sieving  analysis,  specific 
gravity,  and  weight  per  cubic  foot,  presents  some  matters  of 
interest.  It  has  been  proposed,  and  rightly  so,  to  include  a  re- 
quirement for  fineness  in  specifications  covering  the  purchase  of 
caustic  magnesia.  Undoubtedly  the  finer  the  product  the  more 
complete  the  reaction  with  the  chloride,  and  hence  the  greater 
bond  developed.  But  the  difficulty  with  placing  such  a  require- 
ment in  a  specification  would  be  that  of  enforcing  it.  While  the 
specific  gravity  is  rather  high,  as  high  on  the  average  as  that  of 
Portland  cement,  yet  it  occupies  but  about  half  the  volume  of  the 
latter.  It  appears  to  be  much  finer  grained,  and  the  grains  are 
amorphous,  porous,  and  readily  agglomerate  into  larger  masses, 
which  will  not  pass  through  the  meshes  of  the  sieve.  Hence, 
unless  wet  sieving  were  resorted  to,  it  would  be  useless  to  put  into 
a  specification  a  requirement  demanding  the  use  of  200-mesh 
sieve.  In  certain  cases  it  is  also  difficult  to  have  the  oxide  pass 
through  the  100-mesh  sieve,  but  this  is  rather  seldom,  and  a  little 
persistency  on  the  part  of  the  operator,  coupled  with  the  proper 
jarring,  will  bring  about  a  satisfactory  result  in  the  100-mesh 
sieve.  A  requirement  for  the  latter  would  demand  at  least  95  per 
cent  passing,  and  even  97  per  cent  would  not  entail  undue  costs 
in  grinding. 
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The  specific  gravity  of  a  well-calcined  ore,  not  aged  too  long, 
will  be  about  3.20.  If  somewhat  underburned,  the  gravity  will 
be  between  the  latter  figure  and  3.00.  Aging  will  reduce  the  latter 
considerably. 

The  bulk  volume  has  been  used  in  proportioning  mixtures  for 

flooring  and  stucco.     The  values  given  in  Table  1  indicate  to  a 

degree   the   error  which   may  result   from   such   proportioning. 

Indeed  the  error  may  be  considerably  more  than  that  indicated. 

The  method  used  in  making  this  determination  consisted  in  placing 

a  cubical  one-eighth  cubic  foot  measure  6  inches  below  a  cone 

having  a  i-inch  outlet  and  holding  about  35  per  cent  more  than 

the   measure.     The   oxide   was  placed   in   the   funnel   and   then 

allowed  to  flow  out  by  withdrawing  a  slide  which  had  closed  it. 

The  measure  was  then  filled  to  overflowing  and  the  excess  struck 

off  without  jarring  to  obtain  the  loose  volume,  and  jarred  to  no 

further  settling  and  then  struck  off  to  obtain  the  packed  volume. 

The  loose  volume  could  be  made  to  vary  as  much  as  15  per  cent, 

depending  upon  whether  the  funnel  was  filled  by  taking  the  oxide 

directly  from  the  bag  or  container  when  it  had  settled  or  by 

filling  from  a  partially  filled  container  when  it  had  been  well 

shaken  up  or  "fluffed"  with  air.     The  loose  volume  given  in  the 

table  was  obtained  by  the  latter  procedure,  as  it  tended  to  give 

more   concordant   results.     In   practice,    the    method   of   filling 

directly  from  the  container  would  be  followed,  and  hence  the  bulk 

volume  obtained  would  be  intermediate  between  the  indicated 

loose  and  packed  weight  per  cubic  foot.     Those  accustomed  to 

do  their  proportioning  by  volume  should  note  the  two  sets  of 

values.     Preferably  proportioning  of  mixtures  should  be  made  by 

weight. 

3.  INDEX  OF  REFRACTION. 

It  has  been  proposed  to  determine  the  degree  of  burning  of 
magnesite  by  the  index  of  refraction  of  the  resulting  oxide.  This 
index  can  be  determined  sufficiently  close  in  this  respect  by  the 
use  of  a  microscope  and  a  set  of  solutions  having  indices  from  1 .60 
to  1.75,  the  index  of  each  solution  differing  from  the  previous  or 
succeeding  one  in  the  series  by  0.01 .  The  observation  is  made  by 
placing  grains  of  the  oxide  in  a  drop  of  solution  on  a  slide  and 
noting  the  Becke  line.1  These  observations  were  made  on  the 
oxides  produced  in  this  investigation,  and  the  results  indicate  that 

1  Consult  for  details,  especially  "  The  Methods  of  Petro.  Microsc.  Research, "  by  F.  E.  Wright,  Carnegie 
Inst.,  Washington,  Pub.  T58,  73, 1911.  Also  "Microscopical  Petrography, "  by  the  same  author  in  Journal 
of  Geology,  Sept.-Oct.,  1912.  Such  works  as  "  Optical  Mineralogy,"  by  Winchell,  or  "  Optical  Properties  of 
Crystals, "  by  Grath-Jackson,  or  "  Elementary  Chemical  Microscopy, "  by  Chamot,  may  also  be  consulted. 


538 


Technologic  Papers  of  the  Bureau  of  Standards.  iv0i.  17 


the  method  has  promise  for  a  plant-control  method.     The  indices 
found  are  shown  in  Table  4. 


TABLE  4.— Index  of  Refraction. 


Magnesite. 

Size. 

Burned  at — 

Index  of  re- 
fraction. 

A 

1 
2-3 

1 
2 
3 

1 
1 
2 
3 

1 
2 
3 

900 
800 

900 
800 
700 

1,100 
900 
800 

750 

900 
850 
800 

1.71 
1.70 

1.70 
1.69 
1.68 

1.71 
1.69 
1.67 
1.60 

1.69 
1.68 
1.67 

B 

C 

D 

These  indices  represent  in  any  one  case  the  index  of  the  pre- 
dominating constituent,  or,  better,  of  the  major  portion  of  the 
material  on  the  slide.  For  instance,  if  a  comparatively  large 
piece  of  ore  were  given  a  calcination  at  approximately  1,1  oo° 
of  a  not  too  long  duration,  it  would  produce  a  piece  of  oxide,  the 
exterior  of  which  would  have  an  index  of  approximately  1.71, 
while  the  interior  would  have  an  index  considerably  lower. 
Depending  upon  the  degree  of  calcination  throughout  the  piece, 
a  slide  made  by  crushing  and  properly  reducing  the  piece  would 
show  particles  of  indices  varying  from  1.60,  the  index  of  very 
low-burned  oxide,  to  about  1.71,  the  index  of  oxide  burned  at 
approximately  1,1  oo°.  A  small  piece  of  ore  burned  throughout 
at  i,ioo°  will  show  after  crushing  practically  all  particles  to 
have  an  index  of  1.71.  The  oxides  used  in  this  investigation 
were  very  uniform  in  the  indices  noted,  except  for  the  low-burned 
ones.  Hence,  the  figures  given  above  in  the  latter  cases  are 
those  for  a  varying  but  major  portion  of  the  oxide,  while  with 
the  higher  burned  oxide  they  represent  practically  the  entire 
oxide. 

The  method  consequently  will  seem  to  help  the  calciner  deter- 
mine the  degree  and  uniformity  of  burning.  In  the  hands  of  the 
purchaser  it  would  serve  the  same  purpose,  but,  unfortunately, 
does  not  serve  well  to  bring  out  the  effects  of  storage. 

4.  TIME  OF  SET. 
The  results  of  the  time-of-set  determinations  given  in  Table 
5  are  not  as  conclusive  as  might  be  expected  in  so  far  as  the  effect 
of  the  degree  of  burning  is  concerned.     But  the  statement  above 
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in  regard  to  the  length  of  time  of  aging  should  be  remembered. 
The  oxide  produced  from  magnesite  C,  burned  at  750  and  8oo°  C, 
and  from  D,  burned  at  800  and  8500  C,  had  to  be  aged  before  it 
was  sufficiently  slow  setting  to  be  used.  The  few  physical  tests 
obtained  from  magnesite  B,  burned  at  7000  C,  was  due  to  the 
attempt  to  use  it  without  aging,  the  quick  set  resulting  in  obtain- 
ing very  few  and  very  poorly  made  test  specimens.  It  can  be 
stated  that  the  time  of  set  decreases  with  a  decrease  in  the  tem- 
perature of  burning.  This  is  due  to  the  fact,  as  stated  before, 
that  low  burning  produces  a  very  active  oxide  which  reacts 
rapidly  with  the  chloride. 

It  is  evident  that  magnesite  A  produced  the  slower  setting  oxide 
at  either  of  the  two  temperatures  at  which  it  was  burned.  It  will 
be  recalled  that  this  is  a  crystalline  magnesite.  It  appears,  there- 
fore, that  this  type  of  oxide  is  more  readily  overburned  or  more 
easily  burned  at  a  lower  tempertaure  than  the  amorphous  ones. 
It  apparently  permits  a  more  ready  access  of  heat  to  the  interior 
of  the  piece  and  a  more  uniform  burning  than  the  amorphous 
variety.  In  the  latter  case  the  exterior  of  the  piece  seems  to 
form  an  insulating  layer,  hence,  crushing  to  a  smaller  size  before 
burning  and  heating  for  a  longer  time  at  any  temperature  is 
required  for  this  type  than  for  the  crystalline  type. 

The  time  of  set  of  the  several  oxides  from  the  amorphous 
variety  differs  somewhat.  For  the  same  size  of  ore  or  tempera- 
ture of  burning,  magnesite  D  was  generally  somewhat  the  slower 
setting  of  the  three  oxides  from  this  type,  and  B  somewhat  slower 
than  C.  However,  it  should  not  be  assumed  that  oxides  from 
these  ores  would  always  have  the  same  relative  setting  times,  as 
it  would  be  readily  possible  to  so  size  the  ore  or  change  the  condi- 
tions of  burning  that  the  time  of  either  would  be  changed.  The 
outstanding  feature  of  these  determinations,  however,  is  the  dif- 
ferent time  of  setting  of  different  mixtures  in  which  the  same 
magnesite  is  used.  An  extreme  in  this  respect  is  represented  by 
the  mixture  in  which  magnesite  A  burned  at  9000  C.  was  used. 
In  these,  the  time  of  set  ranged  from  30  minutes  to  4  hours  and 
10  minutes.  In  the  mixture  which  developed  the  former  setting 
time,  1 1  per  cent  of  oxide  was  used,  while  the  mixture  developing 
the  slower  setting  time  contained  35  per  cent.  Hence,  the  higher 
per  cent  of  cement  or  reacting  material  produced  the  slower  set. 
An  examination  of  other  data  will  also  show  that  the  controlling 
feature  in  the  time  of  set  is  not  so  much  the  amount  of  oxide 
present  as  the  kind  and  amount  of  other  aggregate  in  the  mixture. 
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If  a  quick-setting  oxide  has  been  purchased  it  may  be  possible  to 
use  it  by  a  simple  rearrangement  of  the  mixture  in  which  it  is  to 
be  used,  provided,  of  course,  that  the  other  physical  properties 
desired  are  not  deleteriously  affected. 

Not  sufficient  data  are  at  hand  to  permit  of  drawing  a  conclu- 
sion as  to  which  constituent  of  the  mixes  has  been  the  most  active 
in  influencing  the  set.  It  is  clearly  evident  that  the  flooring 
mixes,  even  though  they  contain  approximately,  on  an  average, 
three  times  the  amount  of  oxide  that  the  stuccos  do,  are  decidedly 
slower  setting.  The  striking  difference  between  the  two  types 
of  mixes  is,  of  course,  the  very  small  amounts  of  fibrous  materials 
and  the  large  amounts  of  sand  in  the  stucco.  That  the  fibrous 
material  may  affect  the  setting  time  markedly  is  evidenced  by  the 
fact  that  the  CM  mix,  which  is  free  of  this  constituent,  has  in- 
variably the  most  rapid  setting  time.  In  view  of  the  fact  that 
this  investigation  was  primarily  for  the  purpose  of  determining 
certain  properties  of  caustic  magnesia,  the  study  was  not  broad- 
ened to  include  the  question  of  the  effect  of  those  materials  with 
which  it  might  be  used,  excepting  in  a  very  general  way.  Such 
an  investigation  must  be  a  separate  one,  and  is  one  urgently 
needed.  Hence,  the  data  are  too  meager  to  permit  of  any  ex- 
tended discussion  of  the  properties  of  the  mixes  from  any  other 
viewpoint  than  that  of  the  oxide. 

5.  STRENGTH  OF  SPECIMENS. 

Three  types  of  test  specimen  were  used  in  determining  the 
strength  developed  by  the  various  mixtures  of  the  several  oxides. 
The  tensile  specimen  was  similar  to  that  used  in  testing  Portland 
cement  and  is  familiar  to  all  engaged  in  testing  structural  ma- 
terials. The  compression  test  specimen  was  a  cylinder  2  inches 
in  diameter  and  4  inches  high.  The  results  of  the  compression 
tests  are  not  shown  in  the  tables  as  they  add  very  little  to  the 
information  furnished  by  the  other  strength  tests.  In  view  of 
there  being  no  apparent  advantage  in  this  type  of  specimen  and 
the  fact  that  more  time  and  material  are  required,  their  use  will 
be  discontinued.  The  transverse  test  piece  was  a  bar  %  by  2  by 
13  inches.  This  was  broken  by  placing  on  supports  10  inches 
apart  and  applying  a  load  at  the  center,  placing  in  compression 
(against  the  knife  edge  or  bearing  applying  the  load)  the  side 
uppermost  during  molding.  A  half  of  each  bar,  after  breaking 
the  full  bar,  was  broken  on  supports  5  inches  apart,  the  load 
being  applied  on  the  surface  opposite  to  that  used  when  testing 
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the  full  length  bar.  The  data  collected  from  tests  of  the  half 
bars  have  been  omitted.  In  nearly  every  instance  the  modulus 
of  rupture  on  the  half  bar  was  greater  than  that  on  the  full  length. 
If  the  specimen  had  been  homogeneous,  the  modulus  of  rupture 
resulting  from  the  test  with  a  5 -inch  span  should  have  been  the 
same  as  that  with  a  10-inch  span.  Therefore,  troweling  and 
exposure  of  one  surface  to  the  atmosphere  during  the  first  24 
hours  produced  greater  strength  in  that  side  of  the  specimen. 
However,  the  results  indicate  that  greater  uniformity  of  tests 
may  be  obtained  by  breaking  the  specimens  with  the  troweled 
side  in  compression.  The  tensile  and  compression  strength 
specimens  were  allowed  to  remain  in  the  mold  for  24  hours  with 
the  top  and  bottom  surfaces  covered  with  glass  plates.  The 
transverse  bar  was  left  in  the  mold  for  the  same  length  of  time, 
but  the  upper  surface  was  exposed  to  the  atmosphere.  All 
specimens  thereafter  were  stored  in  the  air  of  the  laboratory 
until  tested,  except  two  sets  of  the  three  kinds  made  of  the  stucco 
mixtures  and  indicated  in  the  tables  as  stored  in  "H"  and  "  D. " 

These  forms  of  aging  were  followed  to  obtain  some  idea  of  how 
the  stucco  mixes  would  behave  if  submitted  to  the  action  of  an 
alternate  wetting  and  drying  after  a  preliminary  period  of  normal 
aging.  Such  procedure  is  suggested  by  the  fact  that  stuccos  may 
be  subjected  to  heavy  rains  in  their  early  history  with  possible 
consequent  damage  of  the  cement,  if  of  the  type  that  is  likely 
to  be  affected  by  severe  wetting.  In  the  "H"  and  "  D"  storage, 
the  specimens  were  stored  as  usual  for  24  hours  in  the  mold,  and 
after  20  days  storage  in  the  air  they  were  placed  in  water  for  24 
hours.  The  "H"  stored  specimens  were  then  placed  for  24  hours 
in  a  damp  closet,  the  humidity  of  which  was  from  90  to  95  per 
cent  (saturated) ;  then  the  operation  of  wetting  and  drying  was 
repeated  twice  and  after  a  last  day  (28  days  after  molding)  in 
the  damp  closet,  the  test  pieces  were  broken.  The  "D"  stored 
specimens  were  similarly  treated,  but  were  stored  after  each 
wetting  in  a  closet  with  an  average  humidity  of  50  per  cent, 
which  is  approximately  an  average  humidity  for  Washington. 

The  material  for  the  specimens,  except  in  the  CM  mixes,  was 
dry  mixed  in  a  ball  mill,  free  of  balls,  in  amounts  of  about  90 
pounds  total  for  the  stucco  and  55  pounds  for  the  flooring  mixes. 
These  amounts  of  dry  mixtures  were  then  mixed  with  the  magne- 
sium chloride  solution  in  a  mortar  box  and  used  in  making  the 
service  panels  as  well  as  the  laboratory  test  pieces.  Consequently 
the  latter  were  made  of  the  same  mortar  as  was  used  in  the  panels. 
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The  CM  mix,  being  solely  a  laboratory  mix,  was  mixed  on  a  glass 
plate  by  hand,  kneading  in  amounts  of  about  a  thousand  grams 
of  dry  material.  The  consistency  used  is  indicated  by  the  data 
in  Table  6.  Attempts  were  made  to  control  this  factor  by  the 
use  of  pins,  suggested  by  the  Dow  Chemical  Co.2  These  of  a 
certain  weight  and  character  are  used  somewhat  like  Gilmore 
needles,  but  being  of  large  diameter,  proved  entirely  unsatis- 
factory on  account  of  the  extreme  stickiness  of  the  mortars.  The 
same  difficulties  were  encountered  with  the  Vicat  plunger  and 
the  ball  method  of  determining  consistency.  The  consistency 
obtained  by  the  use  of  the  weight  of  chloride  given  in  the  table 
produced  a  mortar  wetter  than  would  ordinarily  be  used  for 
laboratory  work,  but  compared  very  closely  with  that  used  by  a 
workman  in  actual  practical  application. 

TABLE  6.— Amounts  of  Chloride  Used  in  the  Different  Mixes. 


Mix. 

Cc22°B. 
solution  per 

1,000  grams 
dry  mix. 

Pounds  22°  B.  solution 
per — 

Pounds  anhydrous  salt 
per — 

Pound 
mix. 

Pound 
magnesite. 

Pound 
mix. 

Pound 

magnesite. 

FC 

860 
588 
779 
789 

509 

786 
585 

504 

266 
290 
153 

1.014 
.693 
.917 
.932 

.600 
.925 
.690 
.593 

.313 

.342 
.180 

2.90 
1.98 
2.63 
2.07 

2.40 
3.70 
4.60 
3.96 

3.13 
2.28 
1.64 

0.204 
.139 
.183 
.187 

.121 
.186 
.139 
.119 

.063 
.069 
.036 

0.58 

FT-l 

.40 

FT-2 

.53 

FT-3 

.42 

FT-4 

.48 

FT-5 

.74 

FT-6 

.93 

SS 

.80 

ST-1 

.63 

ST-2 

.46 

CM 

.33 

The   above   used   with   each   caustic   magnesia   excepting  the 
following : 


Mix. 

Cc22°B. 
solution  per 

1,000  grams 
dry  mix. 

Pounds  22°  B.  solution 
per — 

Pounds  anhydrous  salt  per- 

Pound 
mix. 

Pound 
magnesite. 

Pound 
mix. 

Pound 
magnesite. 

MgO. 

Burned 
at— 

FT-l 

581 

960 
543 
668 

266 
135 
146 
142 

0.685 

1.128 
.636 
.646 

.313 
.159 
.172 
.167 

1.96 

3.22 
2.54 
4.31 

2.09 
1.45 
1.56 
1.52 

0.138 

.227 
.128 
.130 

.063 
.032 
.035 
.034 

0.39 

.65 
.51 
.87 

.42 
.29 
.31 
.31 

{    i 

c 

B 

c 
c 

{  S 

c 

D 

{ 

800 

FC 

900 
1,100 

FT-4 

800 

SS 

750 

ST-2 

800 

CM 

1,100 

CM 

800 
750 

CM 

900 

850 

2  Magnesium  Chloride  Service  Bulletin  No.  6,  Dow  Chemical  Co.,  Midland,  Mich.  This  corporation 
has  distributed  a  series  of  mimeogra  phed  reports  dealing  with  magnesium  oxychloride  products  and  their 
testing,  which  are  very  valuable. 
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Size  of 
ore. 

Tem- 
pera- 
ture 
of 
burn. 

Mix. 

Tensile 

strength. 

Transverse  strength  (modulus  of 
rupture). 

Mag- 

Storage. 

Storage. 

ne- 

site. 

Air. 

H 

D 

Air. 

H 

D 

1 
day. 

7 
days. 

28 
days. 

1 
year. 

28 
days. 

28 
days. 

1 
day. 

7 
days. 

28 
days. 

1 
year. 

28 
days. 

28 
days. 

A 

1 

2  and  3 

1 
2 

3 

1 

2 

°C. 

900 

800 

900 

800 

700 
1,100 

900 

800 

FC... 
FT-1.. 
FT-2.. 
FT-3.. 
FT-4.. 

SS.... 
ST-1 . . 
ST-2.. 

CM... 

FC... 
FT-1 . . 
FT-2. . 
FT-3. . 

SS.... 

ST-1.. 
ST-2.. 
CM... 

FC. . . . 

FT-1.. 
FT-2.. 
FT-3.. 

SS.... 
ST-1.. 
ST-2.. 
CM... 

FC.... 
FT-4.. 
FT-5. . 
FT-6.. 

SS.... 
ST-1.. 
ST-2.. 
CM... 

FC... 
FT-5.. 
CM... 

FC... 
FT-1.. 
FT-2.. 
Fl-3. . 

SS.... 
ST-1.. 
ST-2.. 
CM... 

FC... 
FT-1.. 
FT-2.. 
FT-3.. 

SS.... 
ST-1.. 
ST-2.. 
CM... 

FC... 
FT-1.. 
FT-2.. 
FT-3.. 

250 
450 
280 
365 
395 

110 
185 
295 
290 

290 
400 
335 
335 

205 
260 
265 
345 

355 
335 
285 
330 

230 
280 
290 
300 

260 
415 
260 
265 

225 
280 
275 
220 

95 
85 
100 

370 
500 
530 
420 

290 
335 
385 
320 

285 
325 
290 
220 

215 
255 
195 
300 

220 
220 
275 
255 

350 
475 
350 
430 
380 

175 
245 
455 
460 

370 
450 
285 
310 

250 
320 
330 
315 

360 
370 
305 
305 

250 
340 
420 
340 

315 
395 
290 
305 

275 
355 
380 
240 

120 
135 
120 

435 
590 
530 
470 

355 
420 
580 
495 

350 
365 
285 
295 

245 
285 
310 
390 

235 
250 
280 
290 

385 
585 
470 
525 
565 

165 

325 
480 
765 

360 
545 
425 
440 

210 
280 
395 
480 

435 
405 
320 

400 

255 
310 
410 
390 

325 
445 
295 
240 

190 
290 
355 
175 

115 
100 
145 

405 
640 
565 

560 

305 
380 
520 

750 

410 
380 
400 
390 

240 
265 
355 

415 

270 
220 
335 
430 

410 
620 
365 
360 
495 

90 
195 
425 
680 

435 
615 
430 
560 

105 
225 
415 
735 

490 
625 
495 
455 

115 
475 
520 
680 

350 

455 

210 

75 

115 
300 
525 
550 

180 

75 

355 

590 
520 
525 

405 

295 

505 
620 
730 

405 
495 
390 
415 

120 
290 
545 
630 

305 
425 
360 
375 

485 
945 
660 
710 
850 

(') 
400 
655 
620 

595 
860 
725 
610 

435 
565 
705 
790 

710 
695 
730 
680 

555 
655 
795 

795 

510 
845 
570 
565 

490 
635 
490 
685 

660 

1,280 
810 
905 
835 

385 

540 

855 

1,135 

645 
865 
670 
560 

495 
570 
790 
900 

745 
685 
755 
735 

565 
690 
855 

875 

600 
700 
605 
645 

550 
720 
580 
555 

765 
1,615 

945 
1,175 
1,155 

370 

595 

1,305 

1,425 

735 

1,255 

925 

640 

470 

545 

870 

1,195 

795 

860 

860 

1,000 

580 

820 

1,110 

1,335 

495 
700 
570 
590 

440 
645 
550 
510 

980 
1,370 
1,095 
1,085 
1,370 

(') 

515 
1,365 
1,705 

960 
1,425 
1,110 
1,030 

0) 

315 
1,235 
2,005 

1,280 
1,455 
1,465 
1,360 

390 

1,130 
1,295 
1,790 

1,335 
1,185 
590 
« 

250 

740 

960 

1,490 

A 

150 
215 
305 

285 

160 
280 
370 
340 

345 
565 
745 
715 

375 
685 
870 
990 

B 

165 
240 
240 
120 

200 
260 
215 
240 

360 
530 

405 
455 

435 
605 
750 
895 

B 

195 
250 
160 

m 

230 
330 
310 

(2) 

505 
580 
575 
(2) 

630 
865 
850 

(2) 

B 

190 
255 
205 

215 
345 
270 

(2) 

350 
360 

0) 

(2) 

550 

715 

(a) 

(2) 

385 

880 

1,650 
1,330 
1,160 

840 

965 

1,330 

1,630 

685 
730 
720 
660 

450 
590 
820 
920 

630 
605 
725 
955 

1,205 

1,255 
1,225 
1,265 
1,355 

1,085 
1,645 
1,675 
1,935 

1,065 
1,270 
1,110 
1,375 

3  315 

545 

1,440 

1,445 

735 
1,375 

935 
1,135 

(2) 

(2) 

C 

775 
1,005 
1,095 
1,025 

700 
865 
965 
990 

445 
625 
480 
400 

500 
505 
570 

875 

390 
470 
560 
600 

1,080 
1,470 
1,325 
1,160 

680 

955 

1,325 

1,760 

580 
645 
540 
495 

600 

620 

630 

1,025 

480 
515 
570 
665 

205 
270 
250 
(3) 

225 
340 
395 
25 

470 
685 
530 
(3) 

580 
785 

1,035 

(3) 

C.   . 

190 
240 
45 
(2) 

250 
290 
205 

(2) 

405 
495 
325 

(2) 

520 
605 
680 

(2) 

1  Less  than  200  lbs./in.2 


2  Specimens  disintegrated. 


3  Specimens  cracked. 
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Size  of 
ore. 

Tem- 
pera- 
ture 

Mix. 

Tensile  strength. 

Transverse  strength  (modulus  of 
rupture). 

Mag- 

Storage. 

Storage. 

ne- 
site. 

of 

Air. 

H 

D 

Air. 

H 

D 

burn. 

1 

7 

28 

1 

28 

28 

1 

7 

28 

1 

28 

28 

day. 

days. 

days. 

year. 

days. 

days. 

day. 

days. 

days. 

year. 

days. 

days. 

C 

2 

°C. 

800 

SS.... 

135 

185 

130 

45 

170 

180 

285 

345 

260 

(i) 

280 

315 

ST-1.. 

190 

210 

235 

90 

150 

175 

365 

415 

435 

(») 

310 

405 

ST-2.. 

165 

200 

185 

405 

45 

90 

355 

420 

445 

1,005 

P> 

215 

CM... 

170 

225 

200 

520 

60 

180 

445 

635 

515 

1,500 

(') 

P) 

c 

3 

750 

FC.... 
FT-1.. 
FT-2.. 
FT-3. . 

SS.... 

125 
190 
160 
190 

75 

190 
280 
230 
250 

115 

205 
325 
260 
335 

105 

160 
500 
225 
335 

70 

280 
495 
345 
435 

(M 

395 
620 
435 
580 

275 

450 
870 
550 
805 

445 

1,130 

545 

970 

P) 

70 

90 

(') 

P) 

ST-1.. 

100 

160 

135 

115 

110 

120 

240 

355,      340 

280 

(') 

255 

ST-2.. 

150 

230 

230 

165 

170 

180 

295 

495       415 

355 

405 

370 

CM... 

210 

345 

470 

570 

315 

365 

540 

965    1,135 

1,755 

805 

1,350 

D 

1 

900 

FC... 

FT-1.. 
FT-2.. 
FT-3.. 

SS.... 

370 
470 
445 
400 

330 

400 
610 
500 
515 

440 

425 
615 
570 
575 

510 

445 
465 
485 
390 

435 

800 
1,170 
1,020 
1,005 

750 

910       940 

1,255 
1,440 
1,105 
1,080 

1,145 

1,415 
1,220 
1,265 

940 

1,690 
1,400 
1,650 

1,055 

270 

375 

630 

875 

ST-1.. 

300 

350 

345 

490 

245 

380 

760 

8651      820 

1,440 

700 

1, 01.5 

ST-2. . 

360 

500 

500 

535 

190 

370 

890 

1,000    1,215 

1,500 

695 

940 

CM... 

345 

505 

640 

765 

(2) 

(2) 

1,360 

1,850   2,120 

1,740 

(?) 

3550 

D 

2 

850 

FC  ... 
FT-1.. 
FT-2.. 
FT-3.  . 

SS.... 

280 
205 
325 
305 

260 

335 
240 
350 
340 

285 

415 
430 
505 
480 

335 

370 
650 
355 
505 

150 

620 
575 
735 
600 

480 

975    1,035 

845l  1,115 

1,100!  1,200 

950    1.080 

1,125 
1,695 
1,040 
1,450 

420 

125 

180 

545 

860 

360 

530 

ST-1   . 

225 

250 

440 

530 

225 

310 

505 

670 

1,085 

1,350 

510 

790 

ST-2.. 

220 

235 

425 

595 

130 

135 

555 

795 

1,015 

1,490 

<l) 

430 

CM... 

245 

325 

305 

720 

(3) 

(3) 

845 

860 

815 

1,940 

(3) 

(3) 

D 

3 

800 

FC... 

FT-1.. 
FT-2. . 
FT-3. . 

SS.... 

300 
295 
265 
285 

200 

405 
265 
345 
310 

205 

435 
395 
495 
500 

170 

480 
535 
375 
400 

135 

580 
590 
770 
805 

395 

975 

895 

1,055 
1,740 
1,135 
1,085 

335 

900    1,110 
870   1,105 
860   1,120 

450       375 

95 

165 

220 

325 

ST-1.. 

235 

315 

390 

450 

275 

430 

490 

6551      900 

3  915 

605 

1,075 

ST-2. . 

230 

290 

490 

435 

235 

320 

47C 

700    1,205 

1,130 

485 

895 

CM... 

240 

355 

340 

700 

85 

100 

915 

1,195    1,185 

1,920 

0) 

780 

1  Less  than  200  lbs./in.2 


2  Specimens  disintegrated. 


3  Specimens  cracked. 


Table  6,  giving  the  consistency,  should  be  studied  particularly 
in  connection  with  Table  7,  showing  the  strengths.  The  con- 
sistency of  the  flooring  mixes,  neglecting  mixes  FT-5  and  FT-6 
which  were  designed  only  for  an  abnormally  quick-setting  low- 
burned  oxide,  as  expressed  by  the  relation  between  the  chloride 
and  magnesia,  does  not  vary  much.  It  is  rather  interesting, 
however,  to  note  that  mix  FT-i,  which  has  the  least  amount  of 
chloride  per  unit  of  magnesia,  more  frequently  gave  a  higher 
strength  in  tension  or  transverse  than  any  of  the  other  mixes. 
In  the  sanded  mixes,  those  having  the  least  chloride   (CM  and 
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ST-2)  gave  higher  results  than  those  containing  more  chloride. 
But  when  the  behavior  of  the  specimens  subjected  to  water  is 
examined,  it  is  very  noticeable  that  the  results  are  reversed.  The 
CM  mix  was  particularly  liable  to  deteriorate  rapidly  and  even 
disintegrate  under  these  conditions  while  the  SS  and  ST-i  mixes, 
which  per  unit  of  magnesia  contain  from  two  to  two  and  one- 
half  times  as  much  chloride,  withstood  the  water  treatment  very 
satisfactorily. 

Viewed  from  the  standpoint  of  Portland  cement  mortars,  these 
results  would  possibly  be  explained,  especially  in  the  case  of  the 
CM  mix,  on  the  basis  of  poor  proportioning.  This  particular  mix 
contains  67  per  cent  standard  Ottawa  sand,  which  is  composed  of 
relatively  large  uniform  sized  grains,  and  22  per  cent  very  fine- 
grained silica,  and  hence  lacks  the  needed  grading  in  sizes  and  is 
porous  permitting  of  the  penetration  of  water.  This  reasoning, 
however,  is  not  valid  in  the  case  of  mixes  ST-i  and  ST-2  which 
contain  the  same  amounts  of  coarse  and  fine  material,  the  sole 
difference  being  that  in  one  case  5  per  cent  of  fine  magnesia  is 
replaced  by  an  equal  per  cent  of  equally  fine  silica.  But  these 
two  mixes  differed  about  50  per  cent  in  the  chloride  per  unit 
magnesia  ratio  and  also  materially  in  their  resistance  to  the  action 
of  water.  It  would  appear  as  though  the  difference  in  the  resist- 
ance to  the  reaction  of  water  must  be  looked  for  rather  in  the 
difference  in  the  character  of  cementing  material  formed  by  the 
reaction  of  the  chloride  and  the  caustic  magnesia.  This  is  not 
thoroughly  understood,  but  the  result  of  the  reaction  is  apparently 
a  colloidal  (jelly  like)  mass,  which  in  certain  cases  is  almost  trans- 
parent, but  is  usually  rendered  translucent  by  the  presence  of 
unacted-upon  grains  of  oxide  and  some  of  the  fine  aggregate.  In 
the  course  of  time,  crystals  of  an  oxychloride  appear  and  extend 
more  or  less  throughout  the  mass.  Generally,  however,  the 
crystals  do  not  appear  in  any  great  amount  until  at  the  end  of  a 
time  greater  than  that  at  which  the  specimens  ("H"  and  "D" 
stored)  were  tested.  Hence,  it  was  the  gelatinous  reaction  product 
which  was  submitted  to  the  action  of  the  water.  Such  investiga- 
tions as  have  been  made  of  this  reaction  product  show  that  its  com- 
position varies  considerably,  although  the  investigations  do  not 
show  what  causes  these  variations.3  The  difference  in  the  action 
of  these  rather  similar  mixes,  in  which  possibly  the  greatest 
variable  is  the  chloride-magnesia  ratio,  would  apparently  indicate 
that  the  change  in  this  ratio  produces  reactions  or  cements  which 
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differ  materially.  According  to  the  results  a  low  ratio  produces 
a  cement  having  higher  strength,  if  subjected  to  air  storage,  than 
one  resulting  from  the  use  of  a  higher  ratio,  but  the  cement 
produced  by  the  former  ratio  is  not  as  resistant  to  the  action  of 
water  as  is  the  one  resulting  from  the  use  of  the  latter  ratio. 

It  has  been  stated  previously  that  a  caustic  magnesia,  unsuitable 
in  one  mix,  may  be  satisfactory  in  another.  Figure  1  shows  the 
very  marked  effect  which  the  mix  has  upon  the  behavior  of 
products  containing  the  same  magnesia,  particularly  the  change  in 
strength  with  aging.  Mixes  CM,  ST-2,  FT-2,  and  FT-4  contain- 
ing magnesia  A  increased  in  strength  with  age,  but  SS,  ST-i ,  FT-i, 
and  FT-3  deteriorated  after  the  2 8 -day  period.  It  will  be  re- 
membered that  a  flooring  panel  of  the  mix  FT-i,  containing  this 
magnesia,  cracked  and  "dished"  and  was  replaced  by  mix  FT-4 
which  gave  much  more  satisfactory  results.  Magnesite  B, 
burned  at  9000  C,  behaved  more  uniformly  in  the  different  mixes 
than  the  others.  In  this  group,  mix  SS  alone  deteriorated  after 
the  28-day  period.  Magnesite  D,  burned  at  9000  C,  is  unsuitable 
in  the  flooring  mixtures  used  if  the  strengths  continue  to  decrease 
as  indicated,  yet  in  the  stucco  mixtures  it  appears  to  be  entirely 
satisfactory.  The  reason  for  this  may  be  in  the  ratios  of  chloride 
to  magnesia  that  are  needed  to  give  the  better  product.  This 
ratio  is  governed  largely  by  the  mixtures,  as  a  working  consistency 
must  be  obtained,  and  in  any  certain  mixture  the  required  con- 
sistency may  result  in  too  much  or  too  little  chloride,  whereas 
another  mixture  may  demand  a  consistency  which  requires  an 
amount  of  chloride  solution  that  will  give  the  proper  ratio.  The 
question  of  consistency  is  more  complicated  than  in  the  case  of 
Portland  cement.  With  the  latter,  changes  in  consistency  are 
the  resultant  of  changes  in  the  variable,  liquid  (water)  and  solid, 
but  in  the  case  of  caustic  magnesia  cements,  the  liquid  is  not 
water,  but  a  solution  of  a  salt  and  both  the  salt  and  the  water  are 
essential  to  the  reaction.  Hence,  the  liquid  phase  may  be  varied 
in  both  the  amount  and  concentration.  This  phase  of  the  subject 
was  considered  in  some  detail  in  a  previous  paper  by  the  bureau,4 
which  should  be  consulted  for  a  further  discussion.  It  should  be 
noted,  however,  in  the  present  cases  that  the  consistencies  with 
the  exception  of  the  CM  mix  were  approximately  the  same  so  far 
as  workability  was  concerned,  and  the  concentration  also  the 
same.     To  have  secured  the  same  chloride-magnesia  ratio  would 

4  Plastic  magnesia  cements;  Bates  and  Young,  Jour.  Am.  Cer.  Soc,  4,  No.  7;  July,  1921. 
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have  required  different  concentration.  This  would  have  led  into 
a  study  foreign  to  the  present  investigation  and  covered  in  the 
one  just  cited.     So  far  as  the  CM  mix  is  concerned,  a  chloride- 


1600 

j_         (^ 

1400 

Magnesife    A                1 
Size  of  ore- 1       o     / 
Temp,  of  burn-WOC/      / 

s^K 

1200 

c 
J 1000 

^ — -^^^ 

ft. 

"o  800 

jy^ 

2:600 

■ST- 1 

400 

.    qs 

zoo 

1 600 


1200 


1000 


600 


600 


400 


1 

tlaqnesite— 
—  Size  of  ore- 
Temp,  of  t>ur 

6 

¥ 

i-ioo'c. 

&77/ 

jM.^/ 

/kf 

— -^j 

Aqe-Pays. 

Fig.  i. — Strength-age  curves  showing  the  marked  influence  of  mix  on  the  development 

of  strength. 

magnesia  ratio  comparable  with  the  ratios  used  in  the  other 
mixes  would  have  required  so  much  solution  of  22 °B.  concentra- 
tion that  the  consistency  would  have  been  entirely  too  wet. 
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A  comparison  of  the  strengths  developed  by  the  different  mag- 
nesias shows  that  the  crystalline  ore  and  the  amorphous  ore  D 
generally  produced  the  higher  testing  specimens  for  all  conditions 
of  burning.  From  this  it  is  not  to  be  assumed  that  just  as  high 
a  strength-producing  oxide  could  not  be  produced  from  the  other 
ores.  The  size  of  the  shipments  of  ores  did  not  permit  of  making 
burns  to  determine  the  optimum  burning  conditions  for  each  ore. 
It  appears,  however,  that  the  temperatures  used  approached  the 
optimum  more  nearly  for  magnesites  A  and  D  than  for  B  and  C. 
Figure  2  shows  the  variation  resulting  from  the  use  of  different 
ores  which  were  burned  and  used  under  identical  conditions.     It 


1600 

1400 

1 

5tUCC0: 

5T-I  mixture.                                 / 

l?0fl 

■bize  or  ore— 1         .                      1 
Temp,  of  Purn-WQ  C.                 1 

inno 

floo 

P 

find 

4on 

S^ 3" 

z& 


365 


Aqe-Pays. 

Fig.  2. — Strength-age  curves  showing  the  variation  in  strength  properties  resulting  from 
the  use  of  different  ores  which  were  subjected  to  identical  conditions  during  the  calcining 
and  testing  operations. 

may  be  seen  that  the  use  of  the  various  magnesites  (A,  B,  C,  and 
D)  produced  materials  of  widely  different  strengths  and  character 
of  time-strength  curves  in  both  stucco  and  flooring  mixtures. 
The  results  must  not  be  construed  as  showing  that  oxides  from 
either  of  the  two  latter  deposits  will  always  be  inferior  to  that 
from  the  others. 

The  results  do  substantiate  the  contention  frequently  made 
and  generally  accepted,  that  each  deposit  of  ore  will  quite  likely 
require  a  different  burning  condition  (temperature,  size  of  raw 
material,  length  of  time  of  burning,  etc.)  to  produce  the  most 
satisfactory  caustic  oxide.  Even  a  casual  examination  of  the 
tables  will  confirm  this.     It  is  strikingly  brought  out  by  compar- 
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ing  the  values  for  ore  C  burned  at  1 , 1  oo°  with  those  obtained  by 
burning  this  ore  at  a  lower  temperature. 

The  tables  should  also  be  studied,  having  in  mind  both  the 
strength  developed  by  any  particular  oxide  in  the  different  mixes, 
and  also  comparing  the  same  mix  using  oxide  from  the  same  ore 
but  burned  under  different  conditions.  A  study  along  the  former 
line  has  been  indicated  before  and  it  was  noted  how  an  oxide  which 
has  given  an  unsatisfactory  time  of  set  in  one  mix  may  be  used 
in  a  different  mix  with  eminently  satisfactory  results.  The  same 
applies  to  the  strength  which  an  oxide  may  develop.  This  may 
be  very  materially  changed  by  variations  in  the  mixing  formula 
which  do  not  make  any  changes  in  the  amount  of  oxide  used.  It 
can  also  be  noted  that  the  higher  percentages  of  oxide  do  not 
necessarily  produce  higher  strength. 

It  should  be  noted  in  particular  that  the  stucco  and  flooring 
mixtures  produced  two  distinct  types  of  products.  This  is  clearly 
evident  if  the  strength  developed  by  the  two  are  compared.  In 
many  cases  the  average  stucco  values  are  as  high  as  the  flooring 
results,  though  there  may  be  present  but  from  one-third  to  one- 
half  of  the  amount  of  cementing  product.  It  might  be  contended 
that  the  results  do  not  show  that  the  flooring  mixes  could  have  the 
oxide  reduced  to  an  amount  apparently  equal  to  that  of  the  stucco 
and  still  give  a  high  testing  product.  The  results  obtained  from 
mix  FT-6  in  the  one  case  where  such  a  lean  mixture  was  used 
might  be  taken  to  indicate  that  such  could  be  done.  But  the 
year  results  show  that  the  test  specimens  from  this  mix  are  dis- 
integrating. The  flooring  service  panels  of  this  mix  were  always 
too  "soft"  (easily  abraded)  to  be  considered  of  any  particular 
value. 

Comparing  the  strength,  which  any  oxide  from  the  same  ore, 
but  produced  by  calcination  under  different  conditions,  developed, 
it  is  noted  that  generally  as  the  burning  temperature  was  lower 
a  lower  strength  was  obtained.  This  is  not  so  marked  in  the 
case  of  the  oxide  from  the  crystalline  ore.  This  confirms  results5 
obtained  in  a  previous  investigation,  which  showed  that  this 
particular  ore  had  a  rather  wide  range  of  burning  conditions 
under  which  it  could  be  calcined  and  yet  produce  a  good  oxide. 

The  CM  mix  was  designed  as  a  laboratory  mix  for  the  purpose 
of  seeing  if  it  were  possible  to  use  a  mix  of  this  type  for  the  routine 
testing  of  caustic  oxides  as  an  "acceptance"  test.  Such  a  mix 
should  contain  the  least  number  of  constituents,  and  all  but  the 

6  Plastic  magnesia  cements;  Bates  and  Young,  Jour.  Am.  Cer.  Soc,  4,  No.  7;  July,  1921. 
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oxide  should  be  of  constant  physical  properties  and  readily 
available  in  quantities.  Hence,  this  mix  contained  but  the  oxide, 
fine  silica,  which  is  available  in  very  large  quantities  as  "silex," 
"  140-mesh  silica,"  or  "potters  flint,"  and  standard  Ottawa  sand, 
which  is  produced  under  the  supervision  of  a  special  committee  of 
the  American  Society  of  Civil  Engineers,  for  testing  Portland 
cement.  In  addition  to  these  qualities,  the  mix  should,  in  the 
form  of  test  pieces,  predict  how  the  oxide  which  it  contains  would 
deport  itself  in  other  mixes,  especially  when  the  latter  were  used 
in  practice.  The  results  obtained  in  this  investigation  do  not 
speak  too  highly  for  the  use  of  this  mix  unless  possibly  accom- 
panied by  other  tests.  There  were  too  many  cases  where  it  gave 
apparently  similar  results  with  two  or  more  oxides,  whereas  the 
flooring  or  stucco  mixes  for  the  same  oxides  were  distinctly  different. 
Its  tendency  seemed  to  be  to  give  higher  results  even  with  those 
oxides  which  gave  low  results  with  other  mixes.  Its  suscepti- 
bility to  deleterious  action  by  the  water  treatment  in  the  "H" 
and  "D"  storage  might  be  construed  as  in  its  favor  as  isolating 
oxide  which  would  not  give  satisfactory  stucco.  But  there  are  a 
number  of  cases  in  which  this  mix,  under  this  storage  condition, 
failed  completely  or  nearly  so  while  the  same  oxide  in  another 
mix  was  not  affected  or  showed  an  increase  in  strength.  How- 
ever, a  mix  of  this  type  is  almost  a  necessity  if  an  acceptance  is 
demanded  by  the  consumer.  The  geographical  distance  between 
the  producer  and  the  consumer  hardly  permits  of  the  two  using 
the  same  constituents  of  flooring  or  stucco  mixes  without  exces- 
sive cost.  Furthermore,  the  cost  of  testing  under  such  condi- 
tions would  be  still  further  increased  by  the  necessity  of  preparing, 
standardizing,  and  distributing  asbestos,  wood  flour,  color,  sand, 
etc.,  just  as  now  Ottawa  sand  is  distributed.  It  would  also  be  a 
rather  difficult  matter  to  standardize  such  materials  as  asbestos 
and  wood  flour  and  have  them  remain  constant  in  their  proper- 
ties. But  considered  from  the  results  of  this  present  investiga- 
tion, and  others  carried  out  elsewhere,  a  mix  of  this  type  could  be 
used  in  a  specification  as  a  purchase  requirement,  provided  it  was 
considered  in  connection  particularly  with  the  time  of  set  and  was 
used  in  making  both  the  tension  and  transverse  test  pieces. 
These  should  develop  a  certain  minimum  strength  at  24  hours 
and  7  days.  The  inclusion  of  a  strength  requirement  for  the  same 
type  of  specimens  at  the  age  of  28  days,  but  having  been  subjected 
to  a  number  of  wettings,  would  be  of  value. 
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The  use  of  such  a  series  of  test  pieces  would  be  far  more  satis- 
factory as  an  acceptance  test  than  the  chemical  requirements  for 
lime,  carbonic  acid  gas,  and  ignition  loss,  which  now  constitute 
almost  the  only  acceptance  requirements.  But  these  test  pieces 
could  hardly  be  used  as  a  criterion  of  how  the  oxide  might  deport 
itself  with  various  aggregates.  When  it  comes  to  preparing  a 
working  formula  for  the  aggregates  at  hand,  using  a  certain  oxide, 
it  would  be  necessary  to  try  out  several  formulas  by  making  and 
testing  certain  test  pieces  such  as  have  been  used  in  this  inves- 
tigation. 

6.  VOLUME  CHANGES. 

A  set  of  three  bars  of  the  same  size  as  those  used  in  the  deter- 
mination of  the  transverse  strength  was  made  for  the  determina- 
tion of  the  changes  in  length  with  age.  The  measurements  were 
made  with  a  Berry  gauge  over  a  io-inch  length.  The  initial 
measurements  were  made  when  the  specimens  had  attained 
initial  set,  and  later  measurements  were  made  at  the  end  of  i,  2, 
4,  7,  28,  and  90  days  and  thereafter  at  three-month  intervals. 
With  the  exception  of  the  CM  mix  the  material  for  the  bars  was 
taken  from  the  mortar  box  in  which  had  been  prepared  the 
mortar  for  the  service  panel.  The  specimens  for  the  CM  mix 
were  prepared  in  the  laboratory.  The  changes  in  length  over  a 
10-inch  length  in  two  directions  normal  to  one  another  were  also 
made  on  the  flooring  and  stucco  panels  with  the  same  instruments 
and  at  the  end  of  the  same  periods.  The  immense  amount  of  data 
obtained  from  these  measurements  is  not  presented,  but  is  on  file 
in  complete  form  at  this  bureau.  Anyone  desiring  to  examine 
these  data  or  the  results  of  the  compression  tests  may  do  so. 
Here,  again,  the  effects  of  degree  of  calcination  and  variation  of 
mix  stand  out.  It  appears,  however,  that  the  heat  treatment 
has  a  greater  influence  upon  volume  changes  than  the  mix. 
Although  there  was  considerable  variation  resulting  from  the 
different  mixtures  in  which  the  magnesia  was  identical,  practically 
all  the  test  bars  containing  magnesia  burned  at  9000  or  above 
expanded.  In  connection  with  this  should  be  considered  the  fact 
that  no  failures  in  the  test  panels  can  be  attributed  directly  to 
expansion.  Test  bars  containing  magnesia  burned  at  850  and 
8oo°  expanded  or  contracted,  depending  upon  the  ore  or  mix. 
All  bars  containing  magnesia  burned  at  lower  temperatures  con- 
tracted at  the  earlier  periods,  but  later  some  began  to  expand 
and  at  the  end  of  a  year  showed  comparatively  a  very  large 
increase  in  length  over  the  original. 
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The  outstanding  feature  is  the  very  gieat  difference  between 
the  amounts  of  change  in  the  bars  and  in  the  panels.  The  latter, 
in  the  case  of  the  flooring,  were  placed  upon  a  finished  concrete 
floor  of  a  "ground  floor"  (but  not  a  basement  of  the  damp,  poorly 
ventilated  type)  laid  directly  upon  the  earth.  One  part  of  the 
flooring  is  in  a  suite  of  rooms  used  as  a  laboratory  for  the  inspection 
and  testing  of  optical  glass  and  the  other  part  is  placed  in  a 
passageway.  The  concrete  was  not  roughened,  but  18  gauge 
expanded  metal  lath  was  placed  upon  it  fastened  at  points  18 
inches  apart  to  wooden  plugs  driven  into  holes  drilled  in  the 
concrete.  After  wetting  down  the  concrete  with  a  cream  of 
chloride  and  oxide,  the  scratch  coat  was  applied  just  covering  the 
metal.  At  the  end  of  24  hours  the  top  coat  was  applied.  One 
panel  of  each  mix  was  placed  so  as  to  receive  considerable  wear, 
while  the  other  was  placed  toward  the  side  of  the  room.  The 
stucco  was  placed  upon  a  hollow-tile  penthouse  on  a  roof.  The 
tile  was  poorly  laid,  being  composed  of  odd-sized  hard  and  soft 
tile  with  wide  cement  mortar  joints.  When  applying  the  stucco, 
the  tile  was  first  wet  with  a  cream  of  oxide  and  chloride,  then  the 
scratch  coat  applied,  and  at  the  end  of  24  hours  the  top  coat 
applied.  No  attempt  was  made  to  obtain  other  than  a  "wooden 
float"   finish. 

It  will  be  seen  from  the  above  procedure  that  the  service  panels 
were  applied  as  in  actual  practice  and  consequently  the  scratch 
coats  were  restrained  from  expansion  either  by  the  metal  lath  or 
by  the  bond  to  the  wall,  and  the  top  coat  by  the  bond  to  the 
scratch  coat.  Hence  the  reason  is  evident  for  the  large  difference 
in  changes  between  the  laboratory  and  service  measurements,  as 
the  bars  from  the  former,  after  removal  from  the  molds  at  the 
end  of  24  hours,  were  placed  upon  their  edges,  supported  at 
"quarter  points"  and  entirely  unrestrained.  The  disappointing 
feature  of  this  part  of  the  investigation  is  that  there  is  no  apparent 
fixed  ratio  between  the  laboratory  and  service  measurements. 
It  can  only  be  stated  that  under  the  latter  conditions  the  changes 
in  length  are  much  less  than  in  the  former.  The  condition  of  the 
panels  does  indicate  that  some  reliance  should  be  placed  upon  the 
laboratory  measurements.  Of  two  magnesites,  that  which  shows 
the  least  change  in  a  laboratory  test  should  be  chosen,  but  it 
would  be  difficult  to  say  from  the  present  tests  what  maximum 
limit  should  be  used  as  suggesting  possible  future  failure  in  service. 
Practically  all  the  flooring  panels,  except  those  made  of  the  low- 
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burned  oxides,  which  gave  a  far  too  soft  floor  for  practical  use, 
have  become  loose  wholly  or  partially  from  the  cement  base, 
though  they  seldom  warped  or  cracked.  Granted  that  the  method 
of  placing  the  service  panels  was  not  one  which  would  have  been 
recommended  in  practice  (roughening  of  the  concrete  would  have 
been  far  more  desirable)  this  condition  does  indicate  that  the 
stresses,  due  to  volume  changes,  were  large  and  likely  caused  the 
separation  from  the  base. 

Generally  the  magnitude  of  the  changes  of  the  stucco  mixes  is 
less  than  that  of  the  flooring.  The  service  panels  of  the  former 
are  in  good  condition,  adhering  well  to  the  walls  and  showing  no 
cracking,  except  that  which  occurred  in  the  case  of  some  of  the 
panels  containing  quick-setting  oxide.  This  cracking  occurred  at 
about  the  time  of  final  set.  The  lower  portion  of  several  panels 
is  upon  a  concrete  beam  upon  which  rests  the  tile  wall.  A  crack 
appeared  very  shortly  after  placing  at  the  junction  of  the  concrete 
and  tile.  At  the  present  time,  the  stucco  is  separating  from  the 
concrete.  In  general,  however,  the  condition  of  the  stucco  on  the 
panels  is  very  good,  far  better,  in  fact,  than  one  would  expect  from 
the  laboratory  results. 

The  flooring  panels  are  not  in  as  good  a  condition  as  are  the 
stucco  panels,  but  it  is  a  question  whether  their  faults  should  be 
laid  upon  the  oxides  or  upon  the  mixtures  used.  Mix  FT-i  is  in 
reality  a  suggested  laboratory  mixture  possibly  suitable  for  use 
in  making  acceptance  tests.  It  unquestionably  contains  too 
much  asbestos  for  use  as  a  practical  mixture.  It  gave  with  all 
oxides,  the  hardest  floor,  cracked  in  the  cases  of  the  use  of  oxides 
from  magnesite  A  (burned  at  8oo°)  and  D  (burned  at  8oo°  and 
8500)  but  with  the  other  oxides  was  fairly  satisfactory,  though 
showing  a  tendency  to  loosen  from  the  cement,  possibly  due  to 
the  contraction  as  indicated  by  the  measurements.  The  mixtures 
indicated  by  FT-2  approached  those  used  in  commerce  though 
generally  a  somewhat  higher  oxide  content  would  be  used  re- 
placing the  sil-o-cel.  It  gave  the  softest  of  the  floors,  and  in  the 
cases  of  the  use  of  the  oxides  burned  at  8oo°  or  lower,  this  charac- 
teristic approached  that  of  mastic  floorings.  When  this  mix 
gave  a  harder  floor  as  when  the  oxides  from  magnesite  A  (burned 
at  9000)  and  D  (burned  at  8500)  were  used,  it  cracked  somewhat, 
though  generally  adhering  well  to  the  concrete.  Mix  FT-3  gave 
a  flooring  intermediate  in  hardness  between  FT-i  and  FT-2. 
But  one  panel,  made  of  oxide  from  magnesite  D  burned  at  8500, 
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cracked.  It  adhered  well  to  the  concrete.  When  the  condition 
of  the  panels  is  studied  from  the  viewpoint  of  source  of  the  ore, 
there  can  be  but  little  difference  noted  in  the  conditions  of  the 
several  panels.  Studied  from  the  viewpoint  of  the  temperatures 
of  burning,  no  oxide  burned  below  9000  can  be  considered  entirely 
satisfactory. 

V.  CONCLUSIONS. 

1 .  In  order  to  obtain  a  caustic  magnesia  of  the  optimum  prop- 
erties for  use  in  making  oxychloride  stucco  or  flooring  from  ores 
of  different  origins,  a  study  of  burning  conditions  must  be  made 
for  each  ore.  This  should  include  a  determination  of  both  the 
temperatures  and  duration  of  burning  of  the  uniformly  sized  ore. 
This  is  due  to  the  fact  that  ores  of  different  origin  may,  and  gener- 
ally do,  require  different  conditions  of  burning. 

2.  Very  light  calcination  produces  a  magnesia  too  active  for 
present  practice  unless  it  is  "aged"  by  exposure  to  moisture. 
Even  then  its  use  is  dangerous,  owing  to  the  excessive  contraction 
which  often  occurs  under  such  conditions.  In  no  instance  was 
an  ore  calcined  to  a  sufficiently  high  degree  to  produce  un- 
desirable effects. 

3.  The  tendency  to  condemn  an  oxide  because  it  will  not  pro- 
duce a  satisfactory  product  when  used  in  a  given  formula  is  at 
fault.  The  same  oxide  can  generally  be  made  to  produce  a  good 
result  by  changes  in  the  formula. 

4.  On  the  other  hand,  a  change  in  one  or  more  of  the  aggregates 
in  a  formula  may  cause  an  oxide  to  give  unsatisfactory  products, 
though  the  same  oxide  has  given  satisfaction  before  the  change. 

5.  The  oxides  have  acted  differently  in  flooring  than  in  stucco 
formulas.  The  results  lead  to  the  conclusion  that  in  order  to  pro- 
duce the  most  satisfactory  material,  a  different  oxide  is  required 
for  flooring  than  for  stucco.  In  other  words,  an  oxide  which  is 
highly  satisfactory  for  the  type  of  mixtures  used  in  flooring  will 
not  give  the  greatest  satisfaction  in  stucco  or  vice  versa.  This 
statement  should  be  interpreted  broadly,  otherwise  it  would  be 
contradictory  to  the  second  conclusion. 

6.  The  magnesia  has  a  great  deal  to  do  with  the  water  resisting 
properties  of  a  hardened  composition,  but  the  effect  of  the  mix 
predominates.  A  number  of  magnesias  tested  in  one  mix  probably 
would  not  fall  into  the  same  relative  positions  if  tested  in  another. 

7.  The  influence  of  the  magnesia  predominates  over  that  of  the 
mix  in  effecting  the  volume  changes.     All  test  bars  containing 


556  Technologic  Papers  of  the  Bureau  of  Standards.  \V0i17 

the  very  lightly  calcined  magnesia  contracted  and  those  contain- 
ing magnesia  calcined  at  9000  C.  or  above  expanded. 

VI.  APPENDIX. 

In  Tables  1  and  2  (printed  below)  are  presented  data  obtained 
from  testing,  according  to  the  methods  outlined  and  followed  in 
the  main  part  of  this  investigation,  two  samples  of  oxide  made 
by  commercial  producers  of  caustic  oxide.  The  oxide  F  was 
secured  from  a  manufacturer  using  crystalline  magnesite  from  a 
mine  located  but  a  few  hundred  yards  from  that  producing  the 
oxide  A  of  the  main  part  of  this  investigation.  The  kiln  used 
for  calcination  was  one  especially  designed  for  uniform  calcination 
at  the  relatively  low  temperature  used  for  producing  caustic  oxide. 
The  sample  represented  some  of  the  earlier  output  of  the  kiln. 
The  calcination  had  been  carried  further  than  the  analysis  would 
indicate,  as  the  high  ignition  loss  does  not  indicate  underburning 
as  much  as  the  effect  of  aging  due  to  the  long  lapse  of  time  while 
in  transit  to  the  bureau,  and  also  to  the  small  size  of  the  shipment. 
This  is  further  indicated  by  the  slow  set  followed  by  a  good  hard- 
ening, these  latter  showing  the  effect  of  storage  of  certain  oxides 
far  more  reliably  than  chemical  analysis,  which  can  not  distin- 
guish between  low  burning  and  storage  effects. 

The  oxide  E  was  calcined  in  a  rotary  kiln  by  the  producer  of 
California  magnesite  C  used  in  the  major  portion  of  the  investi- 
gation. 

The  results  obtained  by  the  use  of  these  two  oxides  show  a 
marked  similarity  to  the  data  obtained  with  the  ore  from  these 
same  sources  when  calcined  on  a  laboratory  scale.  The  oxide 
from  the  crystalline  magnesite  as  produced  in  the  laboratory  by 
calcination  at  9000  C.  gave  uniformly  better  results  than  the 
oxide  produced  commercially.  If  allowances  are  made  for  the 
changes  during  shipment,  the  commercially  calcined  would  pos- 
sibly be  on  a  parity  with  the  laboratory-prepared  product.  The 
oxide  made  from  the  amorphous  ore  calcined  at  i,ioo°  C.  is,  in 
general,  much  superior  to  the  commercial  oxide  from  the  corre- 
sponding ore;  that  calcined  at  9000  C.  in  the  laboratory  is  inferior 
to  the  commercial  oxide  when  used  in  a  flooring  mixture,  but 
more  nearly  on  an  equality  when  used  in  a  stucco  mixture. 

The  study  of  the  results  of  the  data  from  these  two  oxides  in 
connection  with  the  other  data  presented  herewith  was  to  show 
how  nearly  the  usual  semipractical  or  miniature  operating  plants 
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used  by  this  bureau,  and  exhibited  in  the  present  case  by  the  minia- 
ture Portland-cement  plant,  can  approach  in  their  operation  the 
making  of  a  product  similar  in  most  properties  to  that  produced 
in  full-scale  plants. 

TABLE  1.— Results  of  Tests  of  Two  Commercial  Oxides. 

RESULTS   OF   CHEMICAL  ANALYSIS. 


Oxide. 

SiO;. 

Fe-j03.        AI2O3. 

CaO. 

MgO. 

CO2. 

Ignition 
loss. 

Insoluble 
residue. 

E 

8.16 
1.70 

0.53  1          2.26 
1.13            1.72 

3.60 
2.59 

81.72 
84.00 

0.95  !           3.94 
3.11             9.00 

?.  89 

F 

4.09 

RESULTS   OF  PHYSICAL  TESTS. 


Oxide. 

Fineness  per  cent 
passing — 

Specific 
gravity. 

Weight 

aer  cubic 

No.  100 
sieve. 

No.  200 
sieve. 

foot. 

E 

95.9 
99.9 

70.5 
98.5 

3.27 
3.20 

Lbs. 
49.4 
41.8 

Lbs. 

61.9 

F 

54.7 

TIME  OF  SET. 


Oxide. 

Mix. 

Initial. 

Final. 

Hours. 

Minutes. 

Hours. 

Minutes. 

E 

FC 

4 
4 
5 
4 

5 
3 
3 
2 

6 
6 
6 

6 
6 
5 
2 

15 
10 
20 
12 

05 
35 
30 
00 

8 
6 
8 

0) 

0) 
6 
6 
4 

24 
23 
25 
21 

48 

22 

22 

5 

00 

FT-1 . . . 

05 

FT-2 

00 

FT-3 

SS 

ST-1 

35 

ST-2 

00 

CM 

30 

F 

FC     

00 

FT-1 

40 
25 

00 

45 
30 
55 
40 

00 

FT-2 

00 

FT-3 

30 

SS 

00 

ST-1 

00 

ST-2 

00 

CM 

25 

1  Set  between  7  and  24  hours. 
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TABLE  2. — Tensile  and  Transverse  Strengths  of  Two  Commercial  Oxides. 


Mix. 

Tensile  strength. 

Transverse  strength  (modulus  of  rupture). 

Storage. 

Storage. 

Oxide. 

Air. 

H. 

D. 

Air. 

H. 

D. 

lday. 

7  days. 

28 
days. 

1 
year. 

28 
days. 

28 
days. 

1  day. 

7  days. 

28 
days. 

1 
year. 

28 
days. 

28 
days. 

E 

FC. . . . 

FT-1.. 
FT-2.. 
FT-3.. 

SS.... 

300 
420 
365 

405 

185 

330 
375 
330 
400 

230 

415 
640 
435 
455 

175 

430 
595 
510 
510 

120 

615 

1,080 

805 

865 

445 

745 
985 
770 
880 

490 

865 
1,440 

955 
1,105 

420 

1,190 
1,720 
1,280 
1,520 

0) 

185 

205 

390 

450 

ST-1.. 

235 

230 

360 

260 

170 

270 

510 

545 

500 

745 

390 

690 

ST-2.. 

280 

340 

400 

605 

360 

415 

730 

785 

885 

1,410 

415 

920 

CM... 

240 

275 

395 

605 

2  125 

2  195 

575 

790 

940 

1,245 

355 

790 

F 

FC... 
FT-1.. 
FT-2.. 
FT-3. . 

SS.... 

95 

155 
95 
165 

60 

240 
320 
205 
220 

125 

355 
505 
410 
425 

120 

365 
610 
385 
505 

75 

0) 

370 

P) 

285 

0) 

470 
800 
430 
600 

0) 

725 
995 
720 
865 

375 

1,075 
1,630 
1,115 

1,505 

0) 

105 

135 

315 

390 

ST-1.. 

70 

160 

180 

245 

175 

240 

(') 

395 

545 

900 

485 

770 

ST-2.. 

105 

250 

385 

565 

300 

345 

(') 

560 

895 

1,560 

730 

865 

CM... 

195 

340 

460 

455 

300 

385 

270 

605 

1,040 

1,205 

2680 

•-  1,415 

1  Modulus  of  rupture  less  than  200  lbs./in.3 

2  Specimens  cracked. 
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DYNAMOMETER  TESTS  OF  AUTOMOBILE  TIRES. 

By  W.  L.  Holt  and  P.  L.  Wormeley. 


ABSTRACT. 

This  paper  relates  to  a  continuation  of  the  work  described  in  Technologic  Paper 
No.  213,  Power  Losses  in  Automobile  Tires.  Power-loss  tests  have  been  made  on  a 
large  number  of  tires,  and  the  comparative  results  are  shown  for  the  3^,  4,  and  5  inch 
sizes,  both  cord  and  fabric.  An  analysis  is  made  of  the  effect  of  the  different  parts  of 
the  tire  on  the  power  loss,  which  shows  that  the  carcass  is  responsible  for  the  greater 
part  of  the  loss.  It  is  pointed  out,  and  some  examples  are  given  showing,  how  dyna- 
mometer tests  may  be  used  as  a  help  in  studying  the  details  of  tire  design. 
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I.  INTRODUCTION. 

In  Technologic  Paper  No.  213,  a  description  was  given  of  the 
method  of  determining  power  losses  in  tires  using  electrical  absorb- 
tion  dynamometers.  General  conclusions  were  drawn  as  to  the 
effect  on  power  loss  of  the  different  factors  which  enter  into  the 
operation  of  tires.  A  continuation  of  this  work  has  shown  that 
there  are  very  marked  differences  in  tires.  An  effort  has  been 
made  to  analyze  these  differences  and  bring  out  their  significance. 

II.  POWER-LOSS  DIFFERENCES. 

With  the  many  variables  which  enter  into  the  operation  of 
tires  there  are  numerous  ways  in  which  comparisons  can  be  made. 
One  method  of  comparison  is  power  loss  versus  air  pressure,  as 

559 


560 


Technologic  Papers  of  the  Bureau  of  Standards.  [Vol.  i7 


shown  in  Figures  2,  3,  and  4.  All  the  data  are  based  on  a  con- 
stant speed,  no  tractive  effort,  and  a  normal  axle  load — the  air 
pressure  being  varied  and  corresponding  power  losses  noted.  The 
results  given  represent  tests  made  on  72  different  tires  manufac- 
tured by  35  different  companies.  They  were  chosen  at  random 
from  both  small  and  large  manufacturers,  and  are  considered  to 
be  representative  of  average  tires.  Figure  2  shows  comparisons 
of  30X3K  tires;  Figure  3,  4-inch  tires,  either  32X4  or  33X4; 
and  Figure  4,  35X5  tires. 
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Fig.  2. — Comparison  of  30X3/4  clincher  tires. 
Nos.  1  to  18,  fabric;  Nos.  19  to  27,  cord;  speed,  25  mph;  axle  load,  625  pounds. 

Aside  from  two  distinct  divisions  into  which  cord  and  fabric 
tires  fall,  it  will  be  noted  that  there  is  quite  a  large  variation  in 
different  makes  of  tires  of  the  same  class.  From  a  study  of  these 
curves  the  following  conclusions  may  be  drawn.  (These  are 
based  on  air  pressures,  as  recommended  by  the  Society  of  Auto- 
motive Engineers.) 

(a)  The  average  loss  in  30X3^  fabric  tires  is  0.71  horsepower; 
in  cord  tires,  0.48  horsepower. 
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(6)  The  average  loss  in  4-inch  fabric  tires  is  0.94  horsepower; 
in  cord  tires,  0.67  horsepower. 

(c)  As  an  average,  the  loss  in  cord  tires  is  approximately  70  per 
cent  of  that  in  fabrics. 
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Fig.  3. — Comparison  of  4-inch  tires. 
Xos.  1  to  5,  fabric;  Nos.  6  to  26,  cord;  speed,  25  mph;  axle  load, 


?5  pounds. 


(d)  Extreme  cases,  between  the  highest  fabrics  and  the  lowest 
cords,  show  the  cord  with  only  40  per  cent  of  the  loss  found  in 
the  fabric. 
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(c)  Considering  only  the  cord  tires,  the  lowest  loss  for  each 
size  of  tire  is  about  60  per  cent  of  that  of  the  highest. 

(/)  In  general,  the  curves,  whether  for  fabrics  or  cord,  have 
the  same  trend.  Individual  tires  show  some  differences  in  the 
rate  of  increase  or  decrease  of  power  loss. 
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Fig.  4. — Comparison  0/35X5  cord  tires 
Speed,  25  mph;  axle  load,  1,650  pounds 

The  magnitude  of  these  differences  suggests  that  an  analysis 
of  their  causes  and  effects  should  be  of  value  in  the  design  and 
construction  of  tires. 
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III.  ANALYSIS  OF  POWER  LOSSES. 
1.  TREAD. 

One  of  the  most  frequent  questions  asked  when  speaking  of 
the  power  losses  in  tires  is:  "How  does  the  tread  design  affect 
these  losses?"  It  seems  reasonable  to  expect  that  a  tire  which 
has  a  ribbed  or  smooth  tread  will  offer  less  resistance  to  rolling 
and  show  a  lower  power  loss  than  one  with  an  irregular  or  "  bumpy ' ' 
tread.  However,  in  making  tests  on  a  large  number  of  tires  it 
has  been  found  impossible  to  predict  even  approximately  the 
comparative  power  losses  from  the  character  of  the  treads.  This 
made  it  appear  that  the  tread  was  not  the  most  important  factor. 
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Fig.  5. — Effect  of  alterations  in  tread  on  power  loss. 
35X5  cord  tire;  speed,  25  mph;  axle  load,  1,650  pounds. 

In  order  to  determine  the  effect  of  different  treads,  a  test  was  run 
as  shown  in  Figures  5  and  6.  In  the  first  test  a  regular  35  X  5  rib- 
tread  tire  was  used.  The  tread  was  then  altered,  successively,  as 
shown  in  Figure  6  (A,  B,  C,  etc.),  and  the  tires  retested  after  each 
change,  the  results  of  which  are  shown  in  Figure  5  (A,  B,  C,  etc.). 
In  F  the  tread  was  entirely  removed. 

Under  a  normal  air  pressure  of  80  pounds  it  will  be  noted  that 
the  power  loss  increased  with  each  cut  from  A  to  K — the  greatest 
difference  occurring  between  C  and  D,  during  which  time  the 
central  continuous  bar  was  cut.  Tests  A  and  E  probably  repre- 
sent extremes  of  treads  with  respect  to  irregularity,  and  it  will  be 
noted  that  the  increase  in  power  loss  between  these  extremes  is 


564 


Technologic  Papers  of  the  Bureau  of  Standards .  ivoi.  17 


about  1 1  per  cent.  With  the  tread  entirely  removed  the  decrease 
is  about  15  per  cent.  Under  low  air  pressures  the  effect  of  the 
alterations  in  the  tread  is  much  less  marked;  in  fact,  under  certain 
conditions  it  is  entirely  lost. 

In  order  to  determine  the  effect  of  treads  which  have  cavities 
in  them  forming  so-called  "vacuum  cups,"  tests  were  run  as 
shown  in  Figure  7.  Two  tires  were  used — a  fabric  and  a  cord — 
and  a  run  made  on  each;  first  with  the  drum  dry  and  second, 
when  the  drum  was  kept  wet  by  a  continuous  stream  of  water. 
The  "cups"  were  then  cut  in  such  a  way  as  to  relieve  any  partial 
vacuum  which  might  be  formed,  and  the  tire  retested.     It  will 
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Fig.  7. — Power  losses  in  "vacuum  cup"  tires. 

Two  33X4  tires;  speed,  25  mph;  axle  load,  885  pounds. 

be  noted  that  the  effect  of  cutting  the  cups  was  negligible.  In 
one  case  under  high  air  pressures  there  was  even  apparently  a 
slight  increase  in  power  loss,  due  to  cutting  the  "cups,"  which  is 
entirely  contrary  to  what  would  be  expected. 

The  difference  between  the  wet  and  dry  tests  may  be  attributed 
to  two  causes;  first,  the  wet  tire  ran  at  a  slightly  lower  tempera- 
ture, which  would  tend  to  increase  the  power  loss;  second,  there 
was  a  decrease  in  the  "creep"  with  the  wet  drum,  which  would 
have  a  similar  effect.  (This  property  of  tires  will  be  discussed 
under  "Creep,"  p.  571.)  From  these  results,  it  appears  that  the 
energy  used  in  producing  the  popping  noise  which  is  noticeable 
when  these  tires  run  along  a  wet  pavement  is  very  small.     These 
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Fig.  S. — Lay-up  of  cords  in  tires. 
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experiments,  the  results  of  which  are  confirmed  by  general  ob- 
servations, show  that  the  loss  in  the  tread  represents  only  a  small 
part  of  the  total  loss  in  the  tire. 

2.  TUBE. 

Inasmuch  as  the  tread  which  is  entirely  rubber  has  a  small 
effect  on  the  power  loss  compared  with  the  remainder  of  the  tire, 
it  would  be  expected  that  the  tube,  which  is  also  entirely  rubber 
and  of  much  smaller  volume,  would  have  an  even  smaller  effect. 
In  order  to  check  this  conclusion  four  tubes  were  selected  as  fol- 
lows: 

(a)  A  35  X  5  red  tube,  weight  4.3  pounds. 

(b)  A  35  X5  red  tube,  weight  5.2  pounds. 

(c)  A  35  X5  red  tube,  weight  5.2  pounds. 

(d)  A  35  X5  heavy  compression  tube,  weight  21.2  pounds. 

Power-loss  tests  were  run  on  a  35  X  5  tire  under  as  nearly  iden- 
tical conditions  as  possible,  using  each  tube.  When  the  (d)  tube 
was  used,  a  slightly  higher  power  loss  (2  to  3  per  cent)  was  shown, 
but  aside  from  this  the  results  were  essentially  the  same. 

The  test  was  then  repeated,  using  in  one  case  a  red  tube,  and 
in  another  a  gray  tube  in  combination  with  a  so-called  puncture- 
proof  shield.  This  shield  consisted  of  an  endless  band  of  rubber 
which  was  placed  between  the  tube  and  the  tread  portion  of  the 
casing.  It  was  about  5  inches  wide  and  one-half  inch  thick  at 
the  center,  tapering  to  nothing  at  the  edges.  In  both  tests, 
using  the  combination  of  tube  and  shield,  the  results  showed  a 
power  loss  about  5  per  cent  higher  than  when  using  the  tube 
alone.  This  increase  was  probably  caused  in  large  measure  by 
the  poor  quality  of  the  rubber  compound  in  the  shield.  In  order 
to  obtain  conclusive  information  as  to  just  the  effect  of  these 
special  types  of  tubes  and  appliances  more  exhaustive  tests 
would  be  required.  However,  the  facts  that  tubes  of  different 
makes  produce  no  appreciable  effect  on  the  power  loss,  and  that 
a  large  increase  in  the  amount  of  rubber  in  the  tube,  or  used  in 
connection  with  it,  has  no  very  great  effect,  confirm  the  conclu- 
sions that  the  losses  due  to  tubes  of  the  standard  type  are  small. 

3.  CARCASS. 

By  the  process  of  elimination,  the  greater  part  of  the  power 

loss  must  occur  in  the  carcass  of  the  tire.     That  such  is  the  case 

is  brought  out  by  the  difference  in  power  losses  in  cord  and  fabric 

tires  where  practically  the  only  difference  is  in  the  carcass  con- 
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struction.  When  run  under  the  same  conditions  in  all  the  tests 
to  date  we  have  not  found  a  single  cord  tire  whose  power  loss 
was  as  great  as  the  lowest  power  loss  found  in  any  fabric  tire  of 
the  same  size.     This  is  evident  from  Figures  2  and  3. 

It  might  be  thought  that  the  differences  in  cord  or  fabric  tires 
are  simply  due  to  unusual  features  in  the  design.  In  some  in- 
stances such  is  the  case,  but  unusual  features  do  not  prove  to  be 
the  only  causes  of  these  variations.  For  instance  in  Figure  2 
tires  Nos.  1,  9,  and  17  are  5-ply  tires,  the  remainder  are  4-ply. 
One  of  these  5-ply  tires  shows  the  highest  loss,  one  the  lowest, 
and  the  other  about  average.  Tests  were  run  on  several  makes 
of  tires  which  were  built  with  a  smaller  number  of  plies  of  heavy 
cord  in  place  of  the  usual  light  cord.  The  power  losses  varied 
from  unusually  high  to  unusually  low,  apparently  depending  to  a 
large  extent  on  the  cord  construction  and  on  whether  or  not  the 
cords  were  well  impregnated  with  rubber.  It  has  been  found 
that  the  amount  of  rubber  between  the  different  plies  of  the  car- 
cass has  a  very  marked  effect.  Wherever  this  thickness  is  low 
the  power  loss  is  invariably  high. 

In  an  examination  of  the  three  tires  of  each  size  showing  the 
lowest  losses  an  unusually  uniform  lay-up  of  the  cords  was  observed. 
When  compared  with  a  large  number  of  other  tires  it  was  quite 
evident  that  from  the  standpoint  of  uniform  construction,  there 
were  none  that  equaled  them.  Figure  8  shows  the  lay-up  of 
cords  in  several  tires  using  sections  cut  from  the  carcasses.  E  and 
F  were  taken  from  the  two  tires  showing  the  lowrest  power  losses 
in  Figures  2  and  3.  The  others  were  taken  from  tires  showing 
higher  losses.  A  is  a  section  of  a  tire  in  which  the  cords  are 
extremely  wavy.  In  such  a  tire  the  strain  would  probably  be 
concentrated  on  one  or  two  plies  which  would  soon  give  out,  and 
a  blow-out  result.  The  condition  of  the  cords  in  B  is  much  better, 
but  it  will  be  seen  that  they  are  not  very  evenly  laid.  In  C 
there  is  just  a  slight  wave  in  the  cords,  otherwise  they  are  fairly 
uniform.  D  is  a  sample  of  cord  construction  which  is  probably 
a  little  better  than  the  average,  in  fact,  almost  as  uniform  as  E. 
The  low  power  loss  in  E  and  F  is  not  due  to  a  lesser  number  of 
cords  per  inch  as  evidenced  by  the  fact  that  both  B  and  F  have 
about  22  cords  per  inch  while  C,  D,  and  E  all  have  about  26 
cords  per  inch.  There  is  no  question  but  that  the  uniformity  of 
cord  construction,  which  means  uniform  distribution  of  strain  in 
tires  E  and  F  is  a  factor  which  makes  them  stand  out  far  below 
the  average  in  power  loss. 
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4.  SIZE. 

By  this  is  meant  the  width  of  the  cross  section  of  the  inflated 
tire  measured  parallel  to  the  axis  of  the  wheel.  Considerable 
variation  in  size  is  found  in  different  makes  of  tires  of  the  same 
rated  size  as  shown  in  Table  1. 

TABLE  1. — Summary  of  the  Cross  Section  of  Various  Tires. 


Description  of  tires. 

30X3H 
fabric. 

30X3J4 
cord. 

4 -inch 
fabric. 

4 -inch 
cord. 

5 -inch 
cord. 

Tires  measured... 

Minimum 

Maximum 

number.. 

inches.. 

do.... 

do.... 

18 
3.33 
3.61 

9 
3.36 
3.91 

5 
4.25 
4.68 

20 
4.27 
4.73 

19 
5.35 
5.94 

3.49 

3.63 

4.40 

4.52 

5.66 

In  order  to  determine  whether  these  variations  in  size  account 
or  power-loss  differences  some  general  observations  were  made 
as  to  the  effect  of  size.  This  is  conveniently  done  from  values 
shown  in  Figures  2,  3,  and  4,  taking  a  wide  range  of  sizes — from 
3lA  to  5  inches.  As  a  basis  of  comparison,  the  standard  pressures 
are  taken  for  each  size  of  tire  and  instead  of  expressing  the  absorp- 
tion of  energy  as  a  horsepower  at  a  certain  speed,  it  has  been 
calculated  as  the  pounds  rolling  resistance  per  1,000  pounds  axle 
load.     The  results  are  shown  in  Table  2.  t 

TABLE  2. — Summary  of  the  Rolling  Resistance  of  Various  Tires,  in  Lbs./1,000 

Lbs.,  Axle  Load. 


Description  of  tires. 


30X33^ 
fabric. 


30X3K 
cord. 


4 -inch 
fabric. 


4 -inch 
cord. 


5 -inch 
cord. 


Inflation  pressure lbs. /in.2. . 

Tires  tested number. . 

Minimum pounds . . 

Maximum do 

Average do 


55 

18 

14.4 

20.4 


50 

9 

8.7 

13.9 


65 

5 

14.6 

17.6 


60 

20 

7.8 

12.5 


80 

19 

8.6 

13.4 


17.1 


11.6 


16.0 


11.3 


10.2 


It  will  be  noted  that  the  average  rolling  resistance  per  1,000 
pounds  for  fabric  tires  runs  from  16  to  17.1  pounds,  and  for  cord 
tires  from  10.2  to  11.6  pounds.  Based  on  the  average  figures, 
there  is  a  small  decrease  in  rolling  resistance  with  increase  in  size ; 
but  taking  into  consideration  the  wide  differences  between  mini- 
mum and  maximum  values,  and  the  effect  on  these  figures  which 
a  small  change  in  air  pressures  would  make,  it  is  questionable 
whether  this  is  of  any  significance.  For  instance,  if  5 -inch  cord 
results  had  been  based  on  75  pounds  of  air  instead  of  80,  the  aver- 
age rolling  resistance  would  be  11.6  pounds  instead  of  10.2,  or  the 
same  as  the  3^-inch  size. 
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Accordingly,  it  seems  fair  to  conclude  that  for  tires  from  3}4  to 
5  inches  in  size,  the  rolling  resistance  per  1,000  pounds  axle  load 
is  independent  of  the  size ;  which  means  that  the  relative  perform- 
ances of  the  different  sizes  of  tires  are  the  same. 

It  should  be  noted  that  these  figures  represent  a  rate  of  resist- 
ance rather  than  the  actual  resistance  at  the  1,000-pound  load. 
But  since  it  has  been  found  that  the  power  loss,  and  hence  the 
rolling  resistance,  is  very  nearly  proportional  to  the  axle  load, 
the  actual  rolling  resistance  at  any  reasonable  load  for  the  tire  in 
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Fig.  9. — Rate  of  increase  of  carrying  capacity  with  size. 

question  can  be  closely  determined.  Thus  it  can  be  seen  that 
"oversize"  tires,  in  general,  would  give  no  appreciable  change  in 
rolling  resistance  or  power  loss.  As  seen  from  Figures  2,  3,  and  4 
tires  could  be  selected  which  would  give  either  an  increase  or  de- 
crease in  power  loss.  The  advantage  of  the  larger  tires  lies  in 
greater  tire  life  and  increased  carrying  capacity. 

By  applying  this  reasoning  to  the  variation  in  actual  tire  sizes 
as  noted  in  Table  1,  it  will  be  seen  that  the  variations  do  not 
account  for  power-loss  differences.  In  connection  with  these  dif- 
ferences in  size,  it  is  interesting  to  note  the  curve  shown  in  Figure  9. 
The  values  are  simply  the  S.  A.  E.  recommendations,  and  show 
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the  rate  of  increase  in  carrying  capacity  with  increase  in  size. 
By  applying  this  rate  to  differences  in  the  actual  size  of  tires  of 
the  same  rated  size,  it  will  be  seen  that  o.  1  inch  increase  or  decrease 
in  cross  section  affects  the  carrying  capacity  by  an  amount  varying 
from  40  to  100  pounds.  Taking  into  consideration  the  variations 
shown  in  Table  1,  it  can  be  seen  that  if  one  car  is  equipped  with 
four  30  X  2>/4  minimum  size  fabric  tires,  and  one  with  four  30  X  3% 
maximum  size  fabric  tires  the  difference  in  carrying  capacity 
would  amount  to  about  500  pounds,  or  over  20  per  cent  of  the 

OUTSIDE     tlR£UMF£RENCE 
.PITCH     CIRCLe 
noor  CIRCLE 


Fig.   10. — Diagram  showing  relative  position  of  tire  and  drum  on  dynamometer. 

total  tire  capacity.  Of  course,  it  is  recognized  that  the  carrying 
capacity  of  a  tire  is  not  an  absolutely  fixed  quantity;  but,  never- 
theless, the  general  rule  that  the  carrying  capacity  increases  with 
the  size  is  based  on  sound  reasoning  as  well  as  experience,  and  dif- 
ferences as  noted  above  would  certainly  show  up  in  the  life  of 

tires. 

5.  DEFLECTION. 

By  this  is  meant  the  decrease  in  the  radial  height  of  a  tire  (dis- 
tance from  the  rim  to  the  tread)  due  to  the  axle  load.  (See 
fig.  10.)     In  general,  a  tire  will  deflect  until  the  area  in  contact 
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with  the  ground  multiplied  by  the  air  pressure  equals  the  axle 
load.  It  will  vary  somewhat  with  the  construction  and  stiffness 
of  the  tire  and  the  character  of  the  tread,  but  the  effect  of  these 
items  is  comparatively  small  unless  the  deflection  is  excessive. 
In  tires  of  the  same  rated  size  a  small  difference  in  deflection  is 
also  due  to  the  difference  in  actual  size — the  smaller  the  tire  the 
greater  being  the  per  cent  of  deflection — but  this  has  no  vital 
effect  on  the  power  loss.  In  comparing  the  deflection  of  a  tire 
with  the  power  loss,  two  factors  must  be  considered — the  axle 
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Fig.  ii. — Influence  of  radial  deflection  on  power  loss. 
32X4  cord  tire;  speed,  25  mph;  axle  load  in  pounds,  625,  885,  1,130;  air  pressures  in  lbs./in.2,  30,  45,  65,  90. 

load  and  the  air  pressure — inasmuch  as  the  same  deflection  can 
be  produced  by  different  combinations  of  these  two.  Figure  n 
is  typical  of  the  curves  obtained  when  the  power  loss  is  plotted 
against  the  deflection.  It  will  be  noted  that  there  is  no  direct 
relation.  For  a  constant  deflection  the  power  loss  increases  with 
an  increase  in  axle  load. 

These  results  show  that  the  deflection  or  distortion  of  a  tire  in 
itself  is  not  a  measure  of  the  power  loss.  Underinflation  and 
overloading  produce  similar  results  as  far  as  deformation  of  the 
tire  is  concerned.  Overloading,  however,  produces  the  more 
severe  action  on  a  tire. 
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6.  CREEP. 

The  deflections  referred  to  in  the  previous  paragraph  were 
measured  while  the  tires  were  running  on  the  dynamometer  under 
the  desired  axle  load  and  air  pressure.  In  making  these  measure- 
ments and  noting  the  effect  on  the  distance  traveled  by  the  tire 
per  revolution,  some  interesting  results  were  observed.  Referring 
to  Figure  10,  the  root  circle  is  one  which  is  concentric  with  the  tire 
axle  and  tangent  to  the  road,  or  in  this  case  to  the  drum.  The 
circumference  of  the  pitch  circle  represents  the  distance  which 
the  tire  advances  in  one  revolution  under  no  tractive  effort  other 
than  that  necessary  to  overcome  tire  resistance.  The  diameter 
of  this  circle  depends  upon  the  construction  of  the  tire  and  upon 
the  conditions  under  which  it  is  run.  In  some  cases  it  is  almost 
as  large  as  the  outside  circumference  of  the  tire  and  in  some  cases 
it  is  smaller  than  the  root  circle. 

An  attempt  has  been  made  to  explain  these  variations  and 
determine  what  effect  they  might  have  on  the  life  of  the  tire. 

The  deflection  of  a  tire  when  running  causes  a  circumferential 
compression  of  the  tread  portion  as  it  passes  along  the  drum  sur- 
face due  to  the  difference  in  the  length  of  the  outside  circumfer- 
ence and  the  root  circle.  If  the  tread  is  relatively  noncompress- 
ible  it  will  tend  to  pile  up  as  it  approaches  the  point  of  contact 
with  the  drum,  but  since  an  accumulated  piling  up  is  not  possible 
the  tread  is  compressed  to  a  certain  extent  and  passes  between 
the  tire  proper  and  the  drum  at  a  slightly  accelerated  speed.  It 
carries  the  drum  with  it  at  this  speed,  which  in  most  cases  is 
greater  than  that  of  the  root  circle.  If  the  tread  were  entirely 
noncompressible.  each  revolution  of  the  tire  would  produce  a  move- 
ment of  the  drum  surface  equal  to  the  circumference  of  the  tire, 
in  which  case  the  speed  of  the  drum  (the  pitch  circle)  would  be 
independent  of  the  deflection ;  that  is,  the  axle  load  and  air  pres- 
sure. This  condition  is  very  closely  approximated  in  a  certain 
type  of  tire  which  has  a  circumferential  band  embedded  in  the 
tread.  However,  the  material  in  most  tires  is  compressible  to 
such  a  degree  that  the  pitch  diameter  is  affected  by  the  conditions 
under  which  a  tire  is  operated. 

Thus,  the  tread  portion  of  a  tire  produces  what  we  have  called 
a  tread  creep;  that  is,  a  gain  in  drum  speed  over  that  which 
would  correspond  to  the  root  diameter. 

At  the  same  time  that  this  creeping  of  the  tread  is  taking  place, 
the  force  necessary  to  turn  the  tire  in  overcoming  the  resistance 
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to  rolling  produces  a  circumferential  compression  of  the  tire  as  a 
whole  as  it  approaches  the  drum.  On  leaving  the  drum  this  com- 
pressed portion  returns  to  its  original  length,  thus  producing  a 
creep  in  the  tire  as  a  whole.  This  is  analogous  to  the  creep  of  a 
belt  on  a  pulley.  It  is  in  the  opposite  direction  from  the  tread 
creep  and  results  in  a  loss  in  drum  revolutions.  This  is  referred 
to  as  the  carcass  creep.  Thus  it  appears  that  there  are  two 
opposing  factors  tending  to  change  the  diameter  of  the  pitch 
circle — the  tread  creep  to  increase  it  and  the  carcass  creep  to 
decrease  it. 

The  foregoing  applies  to  a  tire  run  under  no  tractive  effort. 
If  there  is  a  tractive  effort,  an  opposing  circumferential  force  is 
introduced  which  tends  to  further  compress  the  tire  as  a  whole, 
thus  reducing  the  tread  creep  and  increasing  the  carcass  creep. 

It  is  not  a  simple  matter  to  separate  this  carcass  and  tread 
creep,  but  their  sum  is  easily  found.  The  root  diameter  is  calcu- 
lated from  the  formula 

DT=D0-2k 
where 

DT  =root  diameter  in  inches, 
D0  =  outside  diameter  in  inches, 
k     =the  deflection  in  inches. 

When  the  tire  is  run  under  no  tractive  effort,  the  pitch  diameter 
is  calculated  from  the  formula 


DV  =  ^DA 


#2 

where 

Dp  = pitch  diameter  inches, 

Dd  =  diameter  of  drum  inches, 

Rt  =revolutions  per  minute  of  tire, 

R2  revolutions  per  minute  of  drum. 
Creep  =ir(Dp-DT)    inches  per  revolution  of  tire.     This  value  may 
be  either  plus  or  minus. 

Figure  12  shows  the  creep  of  eight  different  tires  run  under 
different  axle  loads  and  air  pressures.  A  to  F,  inclusive,  show 
the  usual  type  of  curves.  G  and  H  represent  two  tires  that  vary 
considerably,  although  they  are  of  the  usual  construction.  As  to 
the  effect  of  axle  load  and  air  pressures,  it  will  be  noted  that  in 
every  case  for  a  given  air  pressure  the  creep  increases  with  the 
axle  load,  although  the  rate  of  increase  is  not  at  all  constant. 
For  a  given  axle  load,  the  creep  seems  to  follow  no  particular  law, 


Holt 
Wortneley. 


Dynamometer  Tests  of  Automobile  Tires. 


573 


35*5  CORD  TIRE 
p         AXLE  LOAD  IN    UBS.  1130,  IfcffO,  2180 


® 

ziso 

\ 

1  hi'. 

"""-" 

1130 

37X5  CORD  TIRE- 
AXLE.  L0M3  IN    UBS.    1130,  tbSO,  2180 


0. 


i/l  o 

I 


(B) 

— 

liiSc 

1 130 

AIR  PRESSURE      LBS/lN* 


to  10  CO  SO  100 

AIR  PRESSURE      LBS./  IN? 


33X4  FABRIC  TIRE 

AX  LE  L0AT5  IN    LBS.  625,  885, 1 130 


C 
Wo 


© 

jno 

/ 

re; 

fc'ii 

33XM  FABRIC  TIRE 

C       AXLE    LOAD   IN   LBS.  C25,  885;  1 130 


(5) 

— 

o 

iu  g 

Ul  " 

u 

o 

n3o 

88S 

Z 

-  O 

feiS 

t 
* 

AIR  PRESSURE     LBS/lN.1 


20  YO  foO  80 

AIR  PRESSURE     LBS./  IN  ; 


IOO> 


S£*4  CORD  TIRE 

AXLE  LOAD  IN  LBS.   625,  88S,  1130 


p 

1136 

Hi 

20  *G  60  SO  100 

AIR  PRESSURE    LES./IN* 


33XHCORQ  TARE 

AXLE  LOAD  IN  LBS.    6Z5,  685,  1130 


(f) 

[ 

\ 

s 

1120 
BBS 

.,- 

US 

20  HO  60  80  100' 

AIR  PRESSURE   LB£/IN-Z 


33* H  CORD  TIRE 

AXLE  LOAD  IN   tBS.  625;  885,  1130 


© 

1130 

88S 

ni 

33X4  CORD  TIRE 

AXLE  LOAD  IN   LBS.  (.25,  SSS,  1 1  JO 


uj  f 


in  i 

Si 


C  20  HO  fcO  80  100  "  «-"  ™  Z-         _       .        7         v 

AIR  PRESSURE      LBS./lN*  AIR  PRESSURE     LBS./ IN* 

Fig.  a. — Influence  of  inflation  pressure  on  creep  for  eight  different  tires  shown  as  inches 

per  tire  revolution. 
Speed,  25  mph;  axle  load,  as  shown;  no  tractive  effort. 


© 

1194 

685 

y 

ua 

// 

y 

V 

574  Technologic  Papers  of  the  Bureau  of  Standards.  [V0I17 

in  some  cases  increasing  and  in  some  cases  decreasing  with  an 
increase  in  air  pressure.  This  rather  erratic  behavior  seems  to 
uphold  the  theory  that  the  resultant  creep  is  a  combination  of  the 
tread  and  carcass  creep  which  are  opposite  in  effect. 

It  will  also  be  noted  that  the  creep  bears  no  direct  relation  to  the 
deflection,  since  for  a  constant  axle  load  the  deflection  decreases 
with  increase  in  air  pressure. 

Fabric  tires  as  a  whole  show  a  larger  creep  than  cord  tires,  as 
will  be  seen  by  comparison  of  C,  D,  E,  and  F. 

Under  normal  loads  and  air  pressures  the  creep  varies  in  the 
different  tires  from  about  —0.4  to  +2.3  inches  per  revolution  of 
tire.  Under  extreme  conditions  it  varies  from  about  —  1  to  +5 
inches  per  revolution  of  tire. 

These  figures  represent  adjustments  which  are  continually  taking 
place  in  the  tread  portion  of  the  tire  as  it  rolls  along  and  provision 
must  be  made  in  the  design  of  the  tire  for  these  adjustments  to 
take  place  without  excessive  strain  on  any  particular  portion. 
Taking  into  consideration  the  difference  as  shown  in  Figure  12, 
it  is  not  surprising  that  tread  or  ply  separation  develops  much 
sooner  in  one  tire  than  in  another.  It  also  appears  that  a  satis- 
factory tread  construction  on  a  fabric  tire  will  not  necessarily  be 
the  best  for  a  cord  tire. 

Considering  any  particular  tire,  it  appears  that  other  things 
being  equal  a  decrease  in  creep  increases  the  power  loss.  For 
instance,  when  tires  were  run  wet  and  dry,  as  illustrated  in 
Figure  7,  there  was  a  decided  decrease  in  creep  in  the  wet  test 
and  a  corresponding  increase  in  power  loss.  While  in  this  case 
the  lower  temperature  during  the  wet  test  would  also  tend  to 
increase  the  power  loss,  it  was  not  sufficient  to  account  for  all  the 
difference.  The  remainder  was  evidently  due  to  a  decrease  in 
creep  which  resulted  in  more  tire  revolutions  being  required  to 
cover  the  same  linear  distance. 

While  in  comparing  different  tires  there  are  many  factors 
which  affect  the  power  loss,  if  cord  and  fabric  tires  are  grouped 
separately  the  general  tendency  is  for  those  tires  with  the  smallest 
creep  to  show  comparatively  higher  power  losses. 

7.  MISCELLANEOUS. 

In  Section  III,  (1),  it  was  pointed  out  how  the  effect  of  changes 
in  the  tread  design  could  be  determined  by  dynamometer  tests. 
With  each  change  in  the  tread  there  was  also  a  change  in  the 
creep   of   the   tire — comparatively   small,    but   nevertheless   dis- 
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tinctly  shown.  It  is  obvious  that  a  close  correlation  exists 
between  these  two  factors.  Figure  13  illustrates  these  creep 
changes — the  letters  corresponding  to  the  designations  in  Figures 
5  and  6.  It  will  be  seen  that  the  results,  in  general,  bear  out 
the  conclusions  reached  in  the  preceding  section,  that  a  decrease 
in  creep  results  in  an  increase  in  power  loss. 

Figure  14  illustrates  tests  of  four  tires,  all  of  the  same  make,  but 
incorporating  special  features  of  design  in  such  a  way  that  com- 
parisons can  be  made  as  to  the  effect  of  these  features.  For  in- 
stance, A  and  C  are  identical,  except  for  the  number  of  cords 
per  inch  in  the  ply  material;  B  and  C  are  identical,  except  for  the 
amount  of  rubber  between  the  plies;  A  and  D  are  identical,  except 
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Fig.   13. — Influence  of  alterations  in  tread  on  creep  shown  as  indies  per  tire  revolution 

{see  fig.  5). 

35X5  cord  tire;  speed,  25  mph;  axle  load,  1,650  pounds;  no  tractive  effort. 

for  the  breaker  and  cushion  construction.  It  will  be  seen  that  the 
differences  in  power  loss  show  up  very  plainly,  and,  with  tires 
otherwise  the  same,  may  be  traced  to  a  greater  or  less  internal 
friction  at  a  very  definite  portion  of  the  tire. 

These  examples  are  pointed  out  in  order  to  show  that  by  progres- 
sive tests  it  is  possible  to  closely  trace  just  what  takes  place  inside 
a  tire  and  actually  measure  the  effect  of  details  of  design. 

IV.  SIGNIFICANCE  OF  POWER  LOSS  DETERMINATION. 
1.  FUEL  CONSUMPTION. 

The  power  required  to  supply  the  amount  absorbed  by  the  tires 
and  dissipated  as  heat  must  come  from  the  fuel  used  and  accord- 
ingly a  change  in  the  kind  of  tires,  or  the  conditions  under  which 
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tires  are  run,  will  manifest  itself  in  an  increase  or  decrease  in  fuel 
economy.  However,  in  order  to  properly  evaluate  the  relative 
effect  of  the  tires  it  is  necessary  to  take  into  consideration  several 
factors  which  enter  into  automobile  operation  in  themselves 
subject  to  large  variations.  It  is  not  within  the  scope  of  this  paper 
to  go  into  all  these  details,  but  from  general  conclusions  and  road 
tests,  it  is  not  out  of  the  way  to  attribute  a  difference  in  fuel  con- 
sumption of  as  much  as  10  to  20  per  cent  to  changes  in  tires  or 

tire  conditions. 

2.  HIGHER  TEMPERATURES. 

Inasmuch  as  the  energy  absorbed  by  tires  is  dissipated  as  heat, 
a  rise  in  the  temperature  results.     Whether  or  not  this  temperature 
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Fig.  14. — Influence  of  changes  in  design  on  power  loss. 
Four  32X4  cord  tires;  axle  load,  88s  pounds;  speed,  25  mph. 

is  high  enough  to  be  seriously  detrimental  to  the  rubber  will  depend 
upon  the  design  of  the  tire,  how  it  is  run,  the  kind  of  road,  weather 
conditions,  etc.  If  it  is  run  at  a  high  speed  for  a  considerable 
length  of  time,  the  temperature  maintained  in  the  tire  may  have  a 
considerable  bearing  on  its  life.  It  is  impossible  to  give  definitely 
the  temperature  equivalent  of  the  power  loss  because  there  are 
so  many  other  factors  which  enter,  but  if  a  tire  is  run  at  a  speed  of 
say  30  miles  per  hour  for  a  considerable  time,  a  temperature  from 
125  to  2000  F.  may  be  easily  obtained,  depending  upon  the  tire. 

For  the  average  car,  which  is  driven  usually  at  lower  speeds  and 
frequently  stopped,  the  temperature  is  probably  not  of  great 
importance.  In  racing,  particularly,  and  in  touring  it  may  have 
quite  a  deteriorating  effect,  and  thus  shorten  the  life  of  the  tire. 
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3.  UNIFORMITY  OF  PRODUCT. 

In  making  tests  on  tires  of  different  sizes,  or  on  different  tires  of 
the  same  size,  made  by  a  manufacturer,  it  has  been  noted  that  one 
manufacturer's  product  will  show  uniform  or  consistent  results 
throughout,  while  another's  gives  quite  varying  results,  some  tires 
being  unusually  low  and  some  unusually  high  in  power  loss. 

It  would  appear  that  this  latter  condition  results  from  lack  of 
proper  control  through  the  manufacturing  processes  or  else  in 
inconsistencies  in  the  design  of  the  tires.  If  such  is  the  case, 
dynamometer  tests  should  be  of  immense  value  in  locating  and 
remedying  such  discrepancies. 

4.  INTERNAL  FRICTION. 

The  ideal  tire  would  be  one  which  was  perfectly  elastic.  The 
power  loss  would  be  zero,  as  the  force  used  in  compressing  the  tire 
as  it  approached  the  road  would  equal  that  exerted  by  the  tire 
against  the  road  as  the  compressed  portion  resumed  its  original 
shape.  This  ideal  tire  will  probably  never  be  built,  but  by  refer- 
ring to  Figures  2,  3,  and  4  it  will  be  seen  that,  at  least,  some  tires 
come  much  nearer  to  the  ideal  than  others.  By  comparing  the 
cord  tires  of  to-day  with  the  fabrics  of  a  few  years  ago,  it  will  be 
seen  that  considerable  progress  has  been  made  in  this  direction, 
and  the  result  is  very  evident  from  the  greater  life  of  the  cord  tire. 

One  way  of  looking  at  the  power  loss  in  a  tire  is  that  it  is  the 
hysterisis  loss  of  the  whole  tire.  Since  this  loss  in  the  whole  tire 
is  made  up  of  the  sum  of  all  the  small  losses  throughout  the  tire, 
the  problem  is  to  reduce  the  loss  in  unit  parts.  A  tire  is  made 
principally  of  a  combination  of  rubber  and  cotton,  the  cotton 
giving  strength  and  permanency  of  form  while  the  rubber  serves 
as  a  bond  to  hold  the  parts  together.  As  the  tire  flexes,  the  cotton 
must  still  give  the  strength  to  the  carcass,  while  at  the  same  time 
the  relative  position  of  the  individual  fibers  and  cords  change. 
One  of  the  big  problems  in  tire  construction  is  to  so  build  them 
that,  as  the  positions  of  the  fibers  and  cords  change,  the  rubber 
bond  will  not  be  broken.  Taking  an  imaginary  unit  section  of 
rubber  in  a  tire,  there  are  two  factors  which  should  be  observed 
in  order  that  the  power  loss  be  low.  The  rubber  compound  must 
be  of  such  a  nature  that  the  hysterisis  loss  is  small  and  the  unit 
strain  on  the  rubber  must  be  low. 

Referring  to  Figure  15,  these  points  are  brought  out  by  the  four 
hysterisis  curves.  These  are  simply  typical  curves  based  on 
known  properties  of  rubber  compounds.     A  represents  a  condition 
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of  a  large  hysterisis  loss  due  to  the  nature  of  the  compound  and  a 
high  strain.  In  B  the  loss  is  reduced  by  changing  the  nature  of 
the  compound.  In  C  the  loss  is  reduced  using  the  A  compound, 
but  reducing  the  strain.  The  best  condition  is  shown  at  D,  where 
the  B  compound  is  used  and  the  strain  is  reduced.  If  the  condi- 
tion shown  at  D  is  carried  out  throughout  the  tire,  the  hysterisis 
of  the  whole  tire  will  be  low ;  or,  in  other  words,  the  internal  fric- 
tion, and  hence  the  power  loss  will  be  low. 
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Fig.  15. — Typical  hysterisis  curves. 
V.  CONCLUSIONS. 

The  outstanding  feature  brought  out  by  these  dynamometer 
tests  is  the  wide  variation  in  the  power  loss  of  different  makes  of 
tires. 

In  tests  which  have  been  made  during  the  past  few  years  in 
particular,  by  Prof.  E.  H.  Lockwood,  of  Yale  University,  the  fol- 
lowing conclusion  was  reached :  In  the  average  passenger  car  run- 
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ning  on  a  hard,  level  road  at  20  miles  per  hour  approximately  one- 
half  of  the  power  developed  by  the  engine  is  used  in  overcoming 
the  rolling  resistance  of  the  tires.  Using  this  figure  as  a  basis,  it 
is  seen  from  the  data  presented  in  this  paper  that  a  considerable 
difference  in  the  fuel  consumption  of  an  automobile  can  be  attrib- 
uted to  the  choice  of  tires.  The  actual  saving  in  dollars  will  de- 
pend upon  the  economy  of  the  engine  and  will  also  vary  with  the 
conditions  under  which  the  automobile  is  operated.  This  subject 
will  be  treated  fully  in  a  later  paper. 

In  addition  to  bringing  out  the  differences  with  respect  to  power 
loss  which  exist  among  different  tires,  dynamometer  tests  should 
be  of  great  value  in  the  study  of  details  of  design  of  individual 
tires.  It  has  been  pointed  out  that  most  of  the  power  loss  in  a 
tire  occurs  in  the  carcass  and  accordingly  it  is  not  surprising  that 
there  is  a  decided  difference  between  the  power  loss  in  a  cord  and 
in  a  fabric  tire.  But  taking  either  cord  or  fabric  tires  as  a  class 
where  constructions  are  fundamentally  the  same,  the  lack  of  uni- 
formity suggests  an  opportunity  for  profitable  study.  The  use  of 
dynamometer  tests  in  making  such  studies  is  brought  out  by  the 
results  pointed  out  in  Section  III,  7.  These  show  the  possibility 
of  extending  the  analysis  of  power  losses  much  further  and  meas- 
uring the  effect  of  the  many  small  variables  which  enter  into  the 
construction  of  a  tire.  By  means  of  such  tests  it  should  be  possible 
to  coordinate  more  closely  the  different  parts  of  a  tire  for  maximum 
efficiency. 

Washington,  February  9,  1923. 


A  COMPARISON  OF  THE  DEOXIDATION  EFFECTS  OF 
TITANIUM  AND  SILICON  ON  THE  PROPERTIES  OF 
RAIL  STEEL. 

By  George  K.  Burgess  and  G.  Willard  Quick. 


ABSTRACT. 

This  investigation  -was  carried  out  on  a  considerable  scale  with  the  cooperation  of 
the  Titanium  Alloy  Manufacturing  Co.,  the  Illinois  Steel  Co.,  the  Illinois  Central 
Railroad  Co. ,  and  the  Robert  W.  Hunt  Co.  on  two  series  of  heats  of  rail  steel,  one  being 
finished  with  additions  of  ferrosilieon  and  ferromanganese  in  the  ladle  and  the  other 
with  ferromanganese  split  between  the  furnace  and  the  ladle,  with  ferrocarbon-titanium 
added  in  the  ladle.  The  study  included  the  following  out  of  the  manufacturing 
practice,  tests  on  A  rails  for  homogeneity  by  chemical  analyses,  sulphur  printing,  and 
deep  etching;  tensile,  impact,  hardness,  and  endurance  tests.  The  titanium -treated 
steels  were  much  less  segregated  than  the  others,  particularly  at  the  top  ends  of  the 
A  rails,  and  were  accompanied  by  more  pipes.  These  effects  were  roughly  proportional 
to  the  amount  of  titanium  added.  Titanium  in  small  quantities  eliminates  the  oxygen, 
reducable  by  carbon,  and  in  large  amounts  (ioto  13  pounds  ferrocarbon  titanium  per 
ton)  decreases  the  nitrogen  combined  with  iron  and  manganese.  A  portion,  at  least, 
of  the  nitrogen  remains  in  the  steel  combined  with  titanium  as  minute  violet  and 
orange  inclusions.  The  titanium  treatment  had  a  tendency  to  scatter  the  sulphide 
inclusions,  and  this  effect  with  the  nitrogen  content  depend  upon  the  titanium  re- 
tained in  the  steel .  As  a  whole ,  there  was  not  as  much  improvement  in  the  mechanical 
properties  from  the  titanium  treatment  as  was  expected  from  the  decreased  segrega- 
tion, and  any  improvements  were  confined  to  the  upper  portion  of  the  ingot,  the 
effects  disappearing  before  the  B  rail  was  reached. 
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I.  INTRODUCTION. 

Titanium  is  used  in  steel  to  produce  sound  ingots.  Under  the 
usual  practice  it  is  assumed  the  titanium  goes  into  the  slag, 
there  being  ordinarily  no  intention  of  producing  titanium  alloy 
steel. 

In  so  far  as  we  are  aware  titanium  was  first  used  commercially 
as  a  scavenger  of  steel  in  1907,1  and  one  of  its  early  applications 
was  in  the  production  of  Bessemer  rails.  They  have  been  gradually 
superseded  by  the  open-hearth  rails,  and  it  has  been  found  that 
open-hearth  steel  presents  similar  problems  of  segregation  as  were 
present  before.  The  manufacturers  of  ferrocarbon- titanium  recom- 
mended its  addition  in  the  ladle  of  open-hearth  rail  steel,  and 
they  claim  that  rails  so  treated  are  more  ductile  without  being 
lower  in  strength,  slightly  harder,  more  resistant  to  impact,  less 
easily  broken  by  simple  bending  or  by  alternating  bending  ac- 
companied by  impact,  and  greatly  superior  in  endurance  under 
normal  loads  than  ordinary  open-hearth  rails;  that  they  are  prac- 
tically homogeneous  throughout  and  free  from  weak  spots,  such 
as  are  caused  by  excessive  segregation  of  impurities.  In  the  pub- 
lished rail  reports  of  the  Titanium  Alloy  Manufacturing  Co. 
sulphur  prints  of  titanium  treated  and  untreated  rails  and  data 
on  the  mechanical  properties  of  the  rails  are  given  supporting 
these  claims.2 

In  view  of  the  importance  of  the  claims  made  relative  to  the 
improvement  of  steel  rails  by  suitably  made  additions  of  titanium, 
it  seemed  worth  while  for  the  Bureau  of  Standards  to  make  a 
comparison  on  a  considerable  scale  of  two  series  of  heats  of  rail 
steel,  one  being  finished  with  additions  of  ferrosilicon  and  ferro- 
manganese  in  the  ladle  without  titanium  additions  and  the  other 
without  ferrosilicon  but  with  the  ferromanganese  split  between 
the  furnace  and  ladle  and  with  ferrocarbon-titanium  added  in  the 
ladle.  The  two  series  were  otherwise  as  identical  as  commercial 
practice  permits. 

II.  GENERAL  PLAN  OF  INVESTIGATION. 

The  investigation  was  carried  out  with  the  cooperation  of  the 
Titanium  Alloy  Manufacturing  Co.,  the  Illinois  Central  Railroad 
Co.,  the  Illinois  Steel  Co.,  and  the  Robert  W.  Hunt  Co.,  and  was 

1  Railway  Age  Gazette,  Oct.  23,  1914,  p.  750. 

2  Rail  Reports  Bulletins  1  to  8,  inclusive.   Titanium  Alloy  Manufacturing  Co.,  Niagara  Falls,  N.  Y. 
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planned  on  the  basis  of  a  study  of  manufacture,  tests  of  A  rails, 
and  service  results  of  1,000  tons  each  of  titanium-treated  and 
silicon- treated  steel. 

1.  MANUFACTURE  OF  THE  STEEL. 

Twenty  heats  of  titanium-treated  rail  steel  were  made  at  Gary 
in  February,  1921,  for  the  Illinois  Central  Railroad  Co.,  and 
within  a  few  days  23  heats  of  silicon-treated  steel  were  made  in 
the  same  furnaces  for  the  same  road  for  comparison.  Records  on 
the  practice  of  manufacture  of  this  steel  were  taken  by  representa- 
tives of  the  Titanium  Alloy  Manufacturing  Co.  and  the  Bureau 
of  Standards.  The  heats  of  titanium-treated  and  silicon-treated 
steel  were  distributed  through  the  plants  at  Gary  in  practically 
the  same  way.  The  steel  was  made  in  100-ton  heats  by  the  basic 
open-hearth  process,  using  about  40  per  cent  cold  steel  scrap,  the 
balance  of  the  charge  being  pig  iron,  mostly  liquid,  including  the 
recarburizer,  which  was  added  in  the  furnace  just  before  tapping, 
in  every  heat. 

The  deoxidation  practice  was  not  the  same  for  the  two  series  of 
heats.  In  the  titanium-treated  heats  about  half  (770  pounds, 
average)  of  the  ferromanganese  was  added  in  the  furnace  be- 
fore the  recarburizer  additions  and  the  other  half  (920  pounds, 
average)  was  added  in  the  ladle,  with  the  ferrocarbon-titanium 
(700  to  1,200  pounds),  no  ferrocilicon  being  used  in  these  heats. 
In  the  silicon-treated  heats  all  the  ferromanganese  (1,450 
pounds,  average)  and  the  ferrosilicon  (600  pounds,  average)  were 
added  in  the  ladle.  The  ladle  additions  were  made  partly  by 
shoveling  and  partly  through  a  chute,  the  titanium  additions 
usually  being  divided  between  these  methods.  The  ferromanganese 
added  to  the  ladle  in  the  titanium-treated  heats  was  either  shov- 
eled in  before  the  titanium  or  placed  in  the  chute  ahead  of  the  ti- 
tanium additions.  The  plan  was  to  make  10  heats  with  about  10 
pounds  of  ferrocarbon-titanium  added  per  net  ton  of  steel  and  10 
heats  with  13  pounds  per  net  ton,  but  through  a  misunderstanding 
the  actual  weights  used  were  computed  on  a  gross-ton  basis,  so 
that  the  heats  with  the  smaller  addition  actually  received  8.5  to 
9.5  pounds  per  net  ton  and  the  other  10.5  to  12.4  pounds  per  net 
ton.  One  of  the  latter  was  rejected  for  rails  because  of  improper 
chemical  composition  and  was  replaced  by  one  of  the  former 
class,  so  that  there  were  only  9  with  the  higher  titanium  additions 
and  1 1  with  the  lower. 
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TABLE  1.— Open-Hearth  Furnace  Data  on  20  Titanium- 
[Note.— Size  of  ingot  molds  22;4  by  22;4'  inches  (Gary  special).    Teemed  from  73  to  75  inches  in 


50066 

35087 
62105 

49115 
31120 

58119 

46124 

38110 
37102 

51069 

69117 

43123 

30115 
36114 
59079 
33106 

41113 
54127 


29111 
57106 

50067 

62106 

64091 

42116 

31121 


38111 
49116 
51070 
37103 


Furnace  additions. 


Lbs. 

79,400 

86,700 
82,500 

78,000 
86,900 

83,500 

83,900 

96,400 
79,700 

80,400 

82,600 

98,000 


74, 400 
83,200 
84,000 
31     74, 200 


50,800 
78,700 

77,900 

79,900 
85,900 

77,900 

89,200 

85,100 

80,300 

92,700 

86,800 

79,600 
71,000 
80,600 
87,600 


•«  a 


Lbs. 

110,000 


104.100 
128.000 


119,200 
103, 800 

127,000 

87,400 

87,300 
109,500 

115,500 

128,000 


Lbs. 
Iron 
rolls 

13, 000 


"Sj3      'S3       "3J0 


Lbs.       Lbs. 
22,000 


25,000  . 


3,500 


90, 300 


{Molds  1,3,000.. 
3,000 7,000 


Iron     j 

rolls     -14,200 
9, 100 ) 

10,000 


[Molds  1 , 
\  8,500  F 


Lbs. 


(  Iro: 
\  roll 
I  10,  ( 


Iron 
rolls 
000 

,  ,  Molds 
1U1,1UU\  14700 

107,900 
126,000 
116,200 


126,500 

115,800 


95,900 


Molds 


800 
800 

700 

800 

1,000 

3,0001,000 

I 
800 


0>    4) 

~a 


J3  « 


9,000 
3,000 


./Mo 

1  \.  14,200/ 
91,000     33,200 


108,600  10,000 

96,  500  24, 300 

92,000,  33,000 

99,900  15,000 

99,600  3,000 


1,400 

6,000 
6,000 


(  32,000] 
91,200-^  extra  IU5, 
I    4. 000  | 


10,500 
000 


110,600 

120,200 

111,000'     12,500 
101,500 


1,500 
3,000 


650 

800 

800 

1,000 

600 

800 

1,000 
800 


Lbs. 

27,000 

27,000 
30,000 

25,400 
26,000 

28,000 

23, 700 

24,000 
26,000 

128,000 

30,000 


Feb.  26, 

1921. 
8.45  a.  m. 


9. 15  a.  m. 
9.  20  a.  m. 

9. 51  a.  m. 

10. 11  a.  m. 

10. 12  a.  m. 
10.  24  a.  m. 

10. 54  a.  m. 
11.56  a.m. 

12. 16  p.  m. 

12. 17  p.  m. 


25,200  12.21  p.  m. 


25, 000 
25,000 
30,000 
24,000 

24,000 
1  30, 000 


1.05  p.  m. 
1.51  p.m. 
2. 09  p.  m. 
3. 00  p.  m. 

3.  08  p.  m. 
3. 13  p.  m. 


800   25,000     3.25  p.m. 
800 


25,000 
32,000 

27,200 

30,000 

30,000 

35,000 

32,000 

30,000 

29,000 
25,500 
24,800 
28,000 


4.02  p.  m. 
4.  23  p.  m. 

6.40  p.  m. 

8.  20  p.  m. 

8.  36  p.  m. 

9.  07  p.  m. 
9.  09  p.  m. 

9. 13  p.  m. 

9.  23  p.  m. 
9.  38  p.  m. 
9. 57  p.  m. 
10.45  p.  m. 


Ladle  Additions. 


Lbs. 


New 
Used..     200 

200 

Used..      150 

..do. J.. 

250 

Used..       50 

New..       50 
Used.J 


Used..  .. 

..do 

...do 

...do...  I 

I 

...do 

100 

50 

Used..      100 
...do... 

150 

Used..!    350 

...do. 

...do. 


Used. 
..do.. 


Used. 


Lbs. 


600 


bt  « 

5  a 


SI 
a -a 

»«  a 
OSS 

bf  o 

^  « 


Lbs.  Lbs. 

9001.200 

800     900 
1,200  1,000 

900  1,170 
800     900 

1,000  1,000 

1,000  1,170 

700      900 
700      900 

800  1 ,  200 

1,200  1,000 

800  1,170 


B00 

800 


1170 
900 


1,200  1,000 
800      900 

600  1,170 
800  1,200 

800  1,170 

800     900 

1,800  .. 


6001,400 

700  1, 700 

I  I 

600  1,600 

550  1,300 

600  1,300 

700  2, 000  . 

550,1,300 
600  1,400 
1,300 
1.350 


500 
600 


1  Estimated  weight. 


B  urges  si 
Quick     J 
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Treated  and  23  Silicon-Treated  Heats  of  Rail  Steel. 

height  through  a  2-inch  nozzle.     No  internal  mold  wash  used;  stools  slurried  with  a  lime  wash.1 


Interval  from  tapping  time  to — 


p.  a 


C  tn  «J 


Min.  Min, 


Min. 

2 


Min.  Min 

4  I       6 


Miti. 
9 

m 

14 

10 
7 

13 

13 

72 
44 


Lbs 

10  74  /Ferrocarbon-titanium  floater  formed  in  ladle,  but  finally  worked 
j\    under  before  slag  came;  slag  hot  and  wild. 

8.54  Temperature  hot;  slag  and  reaction  good;  ladle  additions  good. 
8.83  Temperature  hot;  slag  normal;  reaction  mild;  ladle  additions 
good. 


10.50 
8.63 

9.53 

12.00 

9.33 
8.68 

11.50 

9.13 


11 

11 

30 

11 

11. 

11 

6i 

9 

31 

114. 

9 

16 

7 

9.31 

7 

12.38 

7 

11 

02 

11 

12 

15 

11 

9 

46 

Q 

15 

16 

17 

14 

8 

14 

6 

q 

7 

17 

Temperature  O.  K.;    slag  normal;    reaction  mild. 

Temperature  hot;    slag  normal;    reaction  mild;   ladle  additions 
good. 
Do. 

(Temperature  O.  K.;    slag  normal;    reaction  mild;    small  ferro- 
\    carbon-titanium  floater  in  ladle. 

/Temperature  very  hot;    slag  thin;    reaction  violent;    ladle  addi- 
\    tions  good. 
Temperature  hot;    slag  normal;    reaction  mild;    ladle  additions 

good. 
Temperature  O.  K.;  slag  lumpy  in  furnace;  reaction  mild;  ladle 

additions  good. 
Temperature   hot;     slag   normal;     reaction   mild;     100   pounds 

ferrocarbon-titanium  floater;    small  boil  on  furnace  bottom. 
[Temperature  O.  K.;   slag  normal;   reaction  mild;    ladle  addi- 
<  tions  good;   heat  broke  out  at  tapping  hole;   part  of  ladle  addi- 
(  tions  made  before  all  recarburizer  added. 

(Temperature  hot ;  slag  a  little  thin;  reaction  mild;  100  pounds 
i    ferrocarbon-titanium  floater  observed;  caught  by  stream;  was 
[    apparently  all  dissolved. 
Temperature  hot;    slag  normal;    reaction  mild;     200  pounds 

ferrocarbon-titanium  floater;  not  dissolved. 
Temperature  O.  K.;   slag  normal;    reaction  mild;    ladle  addi- 
tions good. 
Temperature  hot;   slag  normal;    reaction  mild;   ladle  additions 

good. 
(Temperature   hot;     slag   normal;     reaction   mild;     200   pounds 
(    ferrocarbon-titanium;  floater  undissolved. 
Temperature  O.  K.;   slag  good;   reaction  mild;   ladle  additions 

good. 
Temperature  hot;    slag  normal;   reaction  mild;   ladle  additions 

good. 
/Temperature  hot;     slag  a  little  thin;     reaction  mild;   two  50- 
\    pound  ferrocarbon-titanium  floaters;  undissolved. 
Temperature  hot;  slag  normal;  reaction  mild;  ladle  additions 

good. 
Temperature  hot;     slag  normal;    reaction  mild;    manganese 

floated  but  was  dissolved  by  moving  ladle. 
Temperature  hot;    slag  normal;    reaction  mild;    ladle  additions 

good. 
Temperature  O.  K.;    slag  normal;    reaction  mild;    ladle  addi- 
tions good. 
Temperature  hot;  slag  heavy;  reaction  mild;  manganese  floater 

observed,  probably  dissolved  before  slag  came. 
Temperature  hot;    slag  normal;    reaction  mild;    ladle  additions 

good;   strong  reaction  with  recarburizer  in  furnace. 

/Temperature  O.  K.;   slag  thin;   reaction  mild;   ladle  additions 
\    good. 

(Temperature  hot;    slag  good;    reaction  mild;    ladle  additions 
\    good. 
Temperature  hot;   slag  good;   reaction  mild;    small  manganese 

floater. 
Temperature  hot;    slag  good;    reaction  mild;    ladle  additions 

good. 
Temperature  very  hot;   slag  thin;   reaction  mild;   ladle  additions 

good;    strong  reaction  when  recarburizer  metal  was  added  in 

furnace. 
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TABLE  1  .—Open-Hearth  Furnace  Data  on  20  Titanium- 


Furnace  additions. 


5a 


2  * 

4)    4> 


—    N 

.Sf"C 

4)  3 


^•O 


Ladle  additions. 


£a 


i  E 


■«  a 
.Sf§ 

^  - 


69118 


30116      3 


Lbs. 

86,100 


Lbs 

93,000 


102,300 


Lbs.       Lbs 

31,000    28,000 


Lbs. 


Lbs 

500 


Lbs 

28,000 


Feb.  26, 

1921. 

11.12  p.m. 


43124 
45116 
36115 


=  69124 
-  43128 
2  51075 
=45120 


=  62112 
331126 


900 

500 


/  Molds 

\  10,700 

16,400 

10,900 


}*■•- 


30,500  11.51  p.m. 
28,000  12.12  a.m. 


1,500 


17,000    15,000 


34,200  

12,000 

16,000    12,000 


26,300    15,000 
16,100    10,000 


10 

per 

cent 

FeSi 

500 


1. 10  a.  m. 

1.21  a.  m. 

Feb.  28, 

1921. 

11.00  a.  m. 

Mar.  1, 

1921. 

10.20  a.  m. 

10.41  a.m. 

'28,000  11.30  a.m. 

'28,000  11.35  a.m. 


26.000 
26,000 


28,000 


28,000 
28.000 


Used.. 
...do... 
'Used.. 


'28.000  11.40  a.m. 
26,500  11.45  a.m. 


Lbs. 

150 


350 
150 
100 


Lbs 

700 


Lbs. 

1,700 


Lbs. 


600  1,300 

600'  1,500' 
500|  1,400 
60011,300 


500  1,400 


600 

550 
550 
600 


600 
500 


1,600 
1,300 
1,300 
1,300 


1,600 
1,400 


J  Data  compiled  by  R.  W.  Hunt  &  Co. 

TABLE  2. — Teeming  and  Finishing  Data  on  20  Titanium- 
[Note.— Size  of  ingot  molds  ZZyA  by  22j4  inches  |  Gary  special).    Teemed  from  73  to  75  inches  in 


■m 

B° 

Teeming 

at; 

Temper- 

time. 

4,   J) 

•sa 

§ 

ature  of 

Appearance  of 

Stopper  shut-off  and  general 

13 

a^ 

5    4) 

ingot 

steel  in  molds. 

teeming  conditions. 

■" 

to 

z  1  £  B 
a   C  g  « 

O       4>   *"■    4) 

molds. 

O,  be 

—  4) 

_J3 

5  4> 

X 

m  £ 

< 

H 

H 

Min. 

Sec. 

Min. 

50066 

4 

12  12 

Cold. .  . 

Steel    quiet;  tops 
slightly  concave. 

Slight   drips   from   stopper;  small 
fingers  of  skul)  around  nozzle. 

50 

22  1  2 

25  1/2 

35087 

3 

131/2 

44 

16  1  2 

24  3/4 

sixteenth     ingots;      remainder, 

good  shut-off. 

62105 

1 

15 

Hot 

Twenty-sixth, 
twenty-seventh 
and  twenty- 
eighth      ingots 
boiled;     re- 
mainder quiet, 
flat  tops. 

Light  drips  up  to  sixteenth  ingot, 
then  became  heavier  with  spat- 
tery  stream;  smooth  stream  up 
to  sixteenth  ingot. 

40 

26 

28  and  B 

49115 

4 

3 

13 
13 

Good 

52 
42 

18 
20  1  2 

25  and  B 
25  and  B 

31120 

a  little. 

58119 

1 

16 

Warm. . 

Last       6      ingots 
boiled  little;  re- 
mainder  quiet, 
concave  tops. 

Clean  shut-off   and  very  smooth 
stream. 

48 

25 

26  and  B 

46124 

4 
3 

16 

11  1/2 

Good 

Heavy  drips  on  first  3  ingots;  light 

58 

45 

21 
23 

22  and  B 

23  and  B 

38110 

Warm. . 

Tops   good;  sank 

a  little. 

drips  on  next  5;  medium  drips 
with  light  spray  from  eighth  to 
fourteenth;  stopper    head -off    at 
seventh;  bad  teeming  from  fif- 
teenth; last  9  ingots  rejected  for 
rails. 

Buroessl 
Quick     J 


Titanium  vs.  Silicon  Treated  Rails. 


587 


Treated  and  23  Silicon-Treated  Heats  of  Rail  Steel — Continued. 


Interval  from  tapping  time  to — 

So 

h 

a 
0 

•3 

•0 

03 
0) 

M 

0 
O 

■0 
a 

e  • 
■—.2 

<u 

09 

CD 

8      . 

co  e 

MO 

§■3 
2  « 

V 

En 

8  O 
OS 

CO   a 

Sa 

1-  3 

•  to 

a 

CO 

M 
CO 

W 

'St 
0, 

CO 

ja 
.2 

e 
E 

2   "   S 

Remarks, 

Min. 

1 

i 
6 

Min. 

2^ 

1 

1 
1 

Min. 

2\ 

2 

1 
1 
4 

Min. 

Min. 

3i 

Min. 
9 

6 

7 
9 
15 

5 

11 
9 
9 
8 

7 

9 

Lbs. 

Temperature  O.  K.;  slag  normal;  reaction  mild;  ladle  additions 
good;   heat  broke  out  at  tapping  hole  while  recarburizer  metal 
was  being  added. 
fTemperature  hot;    slag  good;    reaction  mild;    ladle  additions 
\    good. 
Do. 
Do. 
Do. 

Do. 

6 
6 
8 

Temperature  hot ;  slagnormal ;  reactionmild ;  ladle  additionsgood. 
Do. 

Temperature  hot;  slag  good;  reaction  mild;  ladle  additions  good. 
Temperature  hot;  slagnormal;  reaction  mild;  ladle  additionsgood. 

/Temperature  too  hot;    slag  normal;    reaction  mild;  ladle  addi- 
\    tions  good. 

Temperature  hot;  slag  good;  reactionmild;  ladle  additionsgood. 

Treated  and  23  Silicon-Treated  Heats  of  Rail  Steel. 

height  through  a  2-inch  nozzle.    No  internal  mold  wash  used;  stools  slurried  with  a  lime  wash.] 


Teeming  tempera- 
tures. 


(G  w 


< 


g  o 

CO    60 

«-.S 


<  o 


<!  a. 


°F. 


2,679 
2,780 


Lbs. 

700 


2,729 


2,693 

2,720 


3,800 
Clean 


3,300 
Clean 


Lbs. 

222,700 


Ladle  test  analyses. 


0.67 
.74 


219,000 
208.400 


209, 100 


191,700 
192,900 


0.72 


0.029   0.044    0.08 
ii     .  048      .  08 

.041      .05 


.MIX 
.1131 


.048 
.056 


.0351 
.040 


s     c      « 


a     « 


o       "O       — 


a 

a 

s 

% 

O 

en 

10 

12 

9 

8 

8 

6 

8 

9 

9 

12 

7 

22 

2 

6 

6 

9 

T) 

0, 

O. 

0 

O. 

til  o 

2 

«-S 

1        4 
1      13 


T3    O 


K 


P.ct.  P.ct. 

7.4        2.3 


7.5 


3.0 


S.7i 
9.1 


4.5 
10.2 


1.7 

1.7 


0.7 
2.0 
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TABLE  2.— Teeming  and  Finishing  Data  on  20  Titanium- 


3  ° 

Teeming 

o 

time. 

s"S 

■8   « 

a"  . 

Temper- 

Is 

ature  of 

Appearance  of 

Stopper  shut-off  and  general 

a 

I  s 

s  2  g1     ingot 

steel  in  molds. 

teeming  conditions. 

3  *J 

a  w 

1 

'5 

Z 

a, 

o 

;»|    molds. 
S.§S 

S3 

3  v 

o 

a  C 

a 

S  •**-*- 1 

> 

o  o* 

o'™ 

w 

X 

2 

< 

H 

H 

Min. 

Sec. 

Min. 

37102 

3 

9  1/2 

Warm. . 

Tops  good;   sank 
a  little. 

Light  drips  on  ingots  3,  4,  11,  12,  13, 
and  14;  medium  drips  on  ingots 

38 

18 

24  and  B 

5,  6,  and  7;  heavy  drips  on  ingots 

8,  9,  and  10;  smooth  stream. 

51069     4 

11 

Steel    quiet;  tops 

Very   slight   drips   from   stopper; 

45 

22 

24 

concave 

stream  good. 

69117      1 

111/2 

Warm. . 

Steel    quiet;  tops 

Light  drips  up  to  tenth  ingot;  re- 

45 

22  1/2 

26 

slightly  concave. 

mainder    ran    briskly;  smooth 
stream  throughout. 

43123 

4 

13 

Steel  quiet 

Good  for  first  18  ingots;  remainder 

46 

21 

24  and  B 

of  heat  stopper  dripped. 

30115 

3 

12  1/2 

Warm. . 

Tops  sank  a  little ; 
small       spongy 
eruptions        on 

Good  shut -off  throughout  heat 

40 

19  1/2 

25  and  B 

surface. 

36114     3 

11  1/2 

Tops   good;  sank 

Light  drips  from  ingots  9  to  21; 

40 

24 

22  and  B 

a  little. 

stopper  head  off  at  twenty-first 
ingot;  3  wood  prickers  used  to 
open  nozzle  for  teeming  twenty- 
second  ingot. 

59079     1 

16 

Warm.. 

Steel    quiet;  tops 
slightly  concave. 

Good,  clean  shut-off  and  smooth 
stream. 

46 

25 

25 

33106     3 

12  1/2 

...do.... 

Tops  sank  a  little; 
small     spongy- 
eruptions        on 

Incomplete   shut-off,    with    small 
drip  on  ingots  10  to  24. 

40 

17  1/2 

23  3/4 

surface. 

41113 

3 

11 

Steel  quiet;     ex- 
cessive concave 

Light  running  stopper  throughout 

40 

19 

22  and  B 

heat. 

tops. 

54127 

4 

10 

Warm.. 

Steel    quiet;  tops 
slightly  concave. 

Good    shut-off    first    part;  fairly 
strong   running   stopper  toward 
end ;  good  stream,  except  toward 
end. 

46 

21 

24  3/4 

44120 

4 

3 

15 
131/2 

Good 

Incomplete    shut-off,    with    light 

51 
38 

25 
161/2 

23  and  B 
22  and  B 

29111 

Ingots     sank     a 

little;  with  small 

drips  from  10th  to  end  of  heat; 

spongy       erup- 

fifth ingot  had  large  blister  on 

tions. 

top    (center;,    caused    by    cold 
mold. 

57106 

1 

10 

Warm.. 

First     12     ingots 
quiet,  flat  tops; 
remainder 
boiled  badly. 

Clean  shut -off  and  smooth  stream; 
last  16  ingots,  bad  spongy  tops. 

40 

28 

28 

50067 

4 

20 

Ingots    boiled    a 
little  at  corners; 

Stopper   head    off;    stream,    cone 
shaped;  first  3  ingots  rejected; 

50 

23 

23 

tops  flat. 

after  third  ingot   stream  a  little 
better,  but  finger  skull  around 
nozzle. 

62106 

1 

18 

Warm.. 

All  ingots  boiled 
slightly;     ingot 
tops  convex. 

Light     drips     throughout     heat; 
smooth  stream. 

45 

30 

27  1/2 

64091 

1 

18 

...do.... 

Last       6      ingots 
boiled   a   little; 
remainder 
quiet;      convex 
tops. 

Very  light  drips  throughout  heat; 
smooth  stream. 

43 

31 

28  and  B 

42116 

3 

16 

Clean  shut -off  from  first  to  twenty- 
fourth;    stopper    head    off    on 

45 

31 

25  and  B 

twenty-fourth    ingot;     3     wood 

prickers  used  to  open  nozzle  on 

twenty-fifth;  this  ingot  rejected 

for  rails. 

31121 

3 
1 

10 
22 

Clean  shut-off  on  all  ingots 

Ladle  opened  up  with  wood  pricker; 

50 
37 

25 
22 

25  and  B 

29 

58120 

Warm.. 

Steel  quiet;  ingot 

tops  flat 

very  spattery  stream  up  to  fifth 
ingot;  poor  shut -off  up  to  eighth; 
good    shut-off    from    eighth    to 
seventeenth;  remainder  almost 
full  running  stopper. 

1  Estimated  weight. 


Burgess! 

Qituk     J 
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Treated  and  23  Silicon-Treated  Heats  of  Rail  Steel— Continued. 


Teeming  tempera- 
tures. 

2 

ba 

Ladle  test  analyses. 

CO 

'3 

u 

CO 

■a 

CU 

2* 
'S. 

0. 

05 
IM 
U 
CO 

•5 

a 

a 
3 

M 
01 

CB 

■* 

0 
bo 

a 

°3 
0 

H 

S 

3 

to 

CO 

3 
O 

a 
<C 

ao 

•d 

a 
0 

4> 

(A 

% 
a 

£ 
0. 
cts 

"o_cn 
-2 

U 

a 
3 

CO  « 

<o 

CO   ,_ 

■0  0 
C" 

0 

V 

Hi 

"to 

cc  u3 
"o 

S.  M 

.3 

< 

0  i2 
o>  0 

CO   bfi 

„  a 
••a 

1-   . 

■£« 
as  a> 

"So 
<  0. 

C 

Mn 

P 

S 

Si 

'3 

■O 

Br 

s 

°F. 

°F. 

°F. 

Lbs. 

Lbs. 

P.  ct. 

P.  ct. 

2,734 

2,736 

2,724 

Clean. 

207,400 

0.67 

0.85 

0.035 

0.048 

0.08 

168 

10 

9 

0 

8 

5.4 

4.7 

2,680 

2,675 

2,000 

206,600 

.74 

.83 

.029 

.043 

.05 

168 

13 

14 

0 

6 

8.3 

3.5 

Spots. 

1,100 
Clean. 

218,900 

.73 

.83 

.022 

.038 

.05 

182 

14 

9 

? 

6  0 

2  2 

205,900 
210,600 

.70 
.68 

.78 
.82 

.033 
.034 

.038 
.050 

.07 
.07 

168 

175 

13 
10 

23 

23 

1 

0 

2 
9 

14.2 
13.1 

1  2 

2,709 

2,712 

2,687 

5.1 

200 

193,000 

.66 

.73 

.027 

.037 

05 

154 

8 

1? 

7 

m 

9.1 

6.5 

2,700 

2,678 

2,652 

1,500 

217,000 

.71 

.77 

.030 

.050 

.07 

175 

10 

6 

4 

8 

5.7 

4.5 

Small. 

193,200 

.74 

.88 

.040 

.055 

.07 

161 

9 

7 

4 

3 

6.8 

1.8 

1.000 

188.000 

.59 

.76 

.032 

.054 

,08 

154 

3 

?3 

1 

? 

15.6 

1.3 

2,700 

215,100 

.71 

.77 

.025 

.040 

08 

174 

10 

27 

0 

5 

15.5 

2.9 

2,682 

2,680 

2,641 

192,600 

.75 

.76 

.029 

.041 

.10 

161 

9 

17 

1 

1 

11.1 

0.6 

2.709 

2,695 

2,676 

500 

189, 700 

.70 

.76 

.027 

.045 

.09 

154 

5 

9 

1 

4 

6.5 

2.6 

500 

228,500 

.69 

.75 

.031 

.038 

18 

195 

6 

15 

?, 

0 

8.7 

0.0 

800 

197,200 

.68 

.80 

.033 

.040 

19 

140 

5 

11 

?, 

0 

9.3 

0.0 

Clean. 
1,000 

230,200 
238,900 

.69 
.71 

.67 
.67 

.020 
.018 

.035 
.045 

.15 
,15 

189 
196 

6 

1?! 

13 

18 

2 
0 

0 
1 

7.9 
9.2 

0.0 

0.5 

1,000 

206,500 

.73 

.80 

.036 

.050 

,14 

168 

?. 

8 

1 

fi 

5.3 

3.5 

2,740 

2,675 

2,695 

213.600 

.70 

.76 

.032 

.037 

.18 

175 

4 

7 

1 

0 

4,6 

0.0 

2,000 

243.100 

.64 

.66 

.016 

.037 

.12 

202 

12 

30 

2 

0 

15.8 

0  0 

59o 
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TABLE  2.— Teeming  and  Finishing  Data  on  20  Titanium- 


6 

2 
— 
o 
- 

M— 1 

a  0 

-  - 

CO    C3 

Temper- 
ature of 
ingot 
molds. 

Appearance  of 
steel  in  molds. 

Stopper  shut-off  and  general 
teeming  conditions. 

Teeming 
time. 

o 

_  em 
S  S 
H 

A 

a 
> 

< 

o 

H 

o  a. 

H 

38111 

3 

4 
4 
3 
1 
3 
4 
4 

Min. 

8 

15 

9  1/2 
20 
10 

8 

101/2 
12 

17 
11 

16 

11 
10 
10 

10 

12 

Tops  boiled  a 
little  from  fif- 
teenth to  last. 

Steel  quiet;  ingot 
tops  flat. 

Steel  quiet;  ingot 
tops  convex. 

Ingot  tops  boiled 
slightly. 

Steel  quiet;  ingot 
tops  flat. 

A  few  of  the  ingots 

Good 

Sec. 
50 

54 
52 
50 
40 
55 
50 
45 

50 

Min. 

25 

24 

25  1/2 
25 

23 
23 

26  1/2 
22 

27 
24 

34 

26 
23 
24 
28 

20 

24  and  B 

23  and  B 

24  and  B 
23  and  B 
28  and  B 

23  and  B 

26 

24  and  B 

24  andB 
25 

27  3/4 

24  and  B 

25 
24  and  B 

29  3/4 

25 

49116 

Good  shut-off ;  smooth  stream 

do 

51070 

37103 

Clean  shut -off  on  all  ingots 

Light    drips    all    through    heat; 

smooth  stream. 
Clean  shut -off  on  all  ingots 

69118 
30116 

Warm.. 

43124 

had  boiled  tops. 
Steel  quiet;  ingot     Good  shut -off;  smooth  stream 

45116 

Cold . . . 

tops  flat. 
.     .do 

Smooth  stream  up  to  middle   of 

36115     3 

heat;  after  that  slightly  spattery 
stream,  with  fingers  of  skull 
forming  around  nozzle;  running 
stopper  after  middle. 

Clean  shut -off  on  all  ingots 

Good;  twenty -third  ingot  rejected 
for  rails  on  account  of  bad  teem- 
ing. 

Good  for  first  11  ingots;  remainder 
dripping  stopper. 

J  33109     3 

269124 

1 

4 
4 
4 

1 

2  51075 

do 

..do 

2  02112 

Good  for  first  12  ingots;  remainder 
light  drips. 

1 

*  Data  compiled  by  R.  W.  Hunt  &  Co. 
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Teeming  tempera- 
tures. 

d 

s 
a 

CO 

2 

'3 
is 

M 

B 

H 

Ladle  test  analyses. 

— 

'o-d 

V 

<o  - 

.0 

a 

3 
& 

to 

is 

- 

0 
w 
3 
O 

% 

<a 
C 

0 

•o 

c 

0 
0 

(ffl 

is 

a 

<S 

0 

0. 
a 
u 
CO 

•a 

a 
— 
a. 

O   05 
X3 

a 
3 
55 

Q. 
09 
1* 

to 

»H    «" 

-    CS 

•0  0 
a" 

0 

u 

V 

CO 

B-g 

°.s 

-9! 

SI 

0  ™ 

—  JS 

<  s. 

C 

Mn 

P 

S 

Si 

DO 

'5 

•0 
a 
0. 

s 

°F. 

°F. 

°F. 

Lbs. 

Clean. 

Clean. 
Clean. 
Clean. 
1.000 
Clean. 

Spots. 

Spots. 

Clean. 

Lbs. 

207,200 

197,500 
201.600 
193.800 
239.600 
194.400 
223,900 
201,300 

204,700 
210,700 

234, 600 

206.600 
213.900 
203.600 
252,300 

208.300 

0.68 

.69 
.71 

.* 

.67 
.70 
.67 
.67 

.63 
.75 

.65 

.69 
.73 
.70 
.63 

.72 

0.79 

.72 
.69 
.74 
.77 
.73 
.78 
.84 

.75 
.70 

.72 

.74 
.70 
.73 
.68 

.67 

0.022 

.024 
.027 
.025 
.028 
.024 
.029 
.034 

.024 
.022 

.024 

.030 
.026 
.030 
.024 

.025 

0.041 

.042 
.038 
.040 
.043 
.041 
.045 
.056 

.041 
.044 

.041 

.040 
.042 
.042 
.043 

.047 

0.13 

.20 
.15 
.17 
.18 
.18 
.17 
.20 

.18 
.16 

.19 

.19 
.18 
.17 
.16 

.18 

168 

161 
168 
157 
193 
160 
182 
168 

77 
168 

193 

168 
175 
168 
206 

w 

8 

9 

9 
11 

3 
12 

4 

6 

5 
9 

5 

3 
8 
12 
15 

9 

6 

13 
15 

16 
5 
8 
9 

13 

4 
11 

7 

5 
7 

18 
26 

6 

0 

0 
0 
2 
0 
1 
1 
2 

0 
0 

1 

1 
1 
0 
0 

0 

0 

1 

1 
0 
0 
0 
2 
1 

0 
0 

0 

0 
0 
0 
0 

0 

P.ct. 

3.5 

8.1 
8.9 
11.4 
2.5 
5.6 
5.5 
8.9 

5.2 
6.5 

4.1 

3.5 
4.5 
10.7 
12.6 

3.4 

P.ct. 

0  0 

2,720 

2,735 

0.6 
0.6 

0  0 

0.0 

0.0 

1.1 

0.6 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

The  steel  of  the  tintanium-treated  heats  was  held  in  the  ladle 
from  8  to  1 2  minutes  from  the  titanium  treatment  until  the  first 
ingot  was  poured,  and  the  silicon-treated  heats  were  held  about 
the  same  length  of  time,  counting  from  the  manganese  and  silicon 
additions.  None  of  the  heats  on  which  observations  were  made 
boiled  very  badly  in  the  molds,  but  there  were  instances  of  slight 
boiling  in  the  ingot  tops,  especially  among  the  silicon-treated 
heats.  Of  the  1 7  observed  treated  heats  5,  or  29  per  cent,  showed 
slight  evidence  of  gas  evolution  upon  solidification  of  the  ingot 
tops,  while  of  the  13  observed  silicon-treated  heats  7,  or  54  per 
cent,  showed  more  definite  boiling  on  at  least  one  of  their  ingots. 
In  general,  the  conditions  appeared  good  for  all  this  steel. 

The  ingots  were  22^  inches  square  and  73  inches  high,  weigh- 
ing about  8,000  pounds.  It  appears  that  the  titanium-treated 
steel  was  poured  slightly  faster  than  the  silicon-treated,  the  time 
per  ingot  averaging  443/5  seconds  for  the  titanium-treated  and 
47 X  seconds  for  the  silicon-treated  ingots.  Computing  from  the 
total  time  for  teeming  each  heat  and  counting  every  butt  and  three- 
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fourths  ingot  as  half  an  ingot,  the  time  per  ingot  (including  time 
for  moving  the  ladle  from  one  ingot  to  the  next)  averaged  52 
seconds  for  the  titanium-treated  steel  and  60  seconds  for  the 
silicon-treated.  Computation  of  the  total  ingot  weight  poured 
and  the  total  time  of  pouring  gives  a  rate  of  4.9  tons  per  minute 
for  the  titanium-treated  steel  and  4.2  tons  per  minute  for  the 
silicon-treated  steel.  All  of  these  figures  indicate  that  the  tita- 
nium-treated steel  was  poured  somewhat  faster  than  the  silicon- 
treated  steel.  Although  no  temperature  determinations  were 
taken  on  the  silicon-treated  steel  the  data  on  ladle  skulls  indicate 
that  the  silicon-treated  steel,  with  an  average  skull  of  400  pounds 
per  heat,  was  somewhat  hotter  in  the  ladle  than  the  titanium- 
treated  steel,  which  left  an  average  skull  of  1,000  pounds  per  heat. 
The  data  on  steel  manufacture  are  given  in  detail  in  Tables  1  and  2. 
Table  3  was  constructed  from  the  data  in  Tables  1  and  2,  using 
the  heats  from  which  rails  were  used  for  physical  tests.  The 
ferrocarbon-titanium  additions  contain  an  average  of  15.4  per 
cent  titanium,  and  in  this  table  the  titanium  content  is  assumed 
to  be  15  per  cent.  Column  A,  the  per  cent  of  titanium  in  the 
heat,  was  computed  from  the  actual  weight  of  steel  (the  ingots 
and  skulls)  and  the  titanium  additions.  Column  C  is  the  per  cent 
of  total  titanium  found  in  the  bottom  ends  of  the  A  rails  and  is  the 
average  of  the  analyses  from  positions  O  and  M,  Figure  2.  The 
last  column,  C/A,  gives  the  per  cent  of  titanium  which  remained 
in  the  steel. 

TABLE  3.— Titanium  Deoxidation. 


Ferrocarbon-titanium 
added  per  ton. 

Ferro- 
carbon- 
titanium 
added.1 

Weight, 

ingots 

and 

skulls. 

A 

B 

C 

C/A 

Heat  number. 

Titanium 
in  heat. 

Titanium 
in  test 
ingot. 

Titanium 
in  rail.  2 

Titanium 
remain- 
ing in 
the  steel. 

62105 

Pounds. 

8-10 

Pounds. 

1,000 
900 
900 

226, 400 
207, 400 
208, 400 

Per  cent. 

0.  0662 
.0651 
.0648 

Per  cent. 

0.  0050 
.0117 
.0068 

Per  cent. 

0.008 

.014 

.014 

Per  cent. 
0.12 

37102.. 

8-10 

.22 

37120 

8-10 

.22 

.0654 

.19 

10-12 

1,200 
1,170 
1,200 
1,170 
1,170 

223,  400 
207. 000 
203, 600 
222,  800 
195,  000 

.0142 
.0172 
.0145 
.0150 
.0136 

.017 
.028 
.026 
.034 
.032 

50066  

.0806 

.0848 
.0863 
.0788 
.0900 

.21 

43123... 

10-12 

.33 

51069... 

10-12 

.30 

49115 

10-12 

.43 

46124... 

10-12 

.36 

.0841 

.33 

'Assumed  15  per  cent  ferrocarbon-titanium  is  titanium. 

'Average  analyses  for  total  titanium  from  positions  O  and  M  from  bottom  ends  of  A  rails. 
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This  shows  that  for  steels  treated  with  from  8  to  10  pounds  of 
ferrocarbon-titanium  per  ton  (average  0.0654  Per  cent  titanium  in 
the  liquid)  about  19  per  cent  of  the  titanium  remains  in  the  steel 
and  81  per  cent  goes  into  the  slag;  whereas  for  treatments  of  from 
10  to  12  pounds  per  ton  (average  0.0841  per  cent  titanium  in  the 
liquid)  33  per  cent  of  the  titanium  remains  in  the  steel  and  67  per 
cent  goes  into  the  slag.  It  is  seen  that  an  average  increase  of  29 
per  cent  of  titanium  in  the  ladle  causes  73  per  cent  average  in- 
crease of  titanium  in  the  steel.  Thus  it  appears  that  small  addi- 
tions of  titanium  act  primarily  as  a  scavenger,  while  for  larger 
amounts  an  appreciable  portion  remains  in  the  steel.  From 
analyses  for  gases  (discussed  later)  it  appears  that  small  additions 
of  titanium  combine  with  the  oxygen  and  may  go  to  the  slag, 
whereas  for  larger  additions  some  combines  with  the  nitrogen  as  a 
nitrogen  compound  of  titanium  and  remains  in  the  steel. 

Table  4  was  made  from  the  data  in  Table  2  from  16  heats  for 
which  records  of  the  amount  of  skulls  remaining  in  the  ladle  were 
kept.  This  table  shows  that  about  19  per  cent  of  the  silicon  in 
the  liquid  steel  goes  to  the  slag  and  about  81  per  cent  remains  in 
the  finished  steel. 

TABLE  4. — Silicon  Deoxidation. 


A 

Total 

Weight 

silicon 

of  heat= 

A+ 

Silicon 

Ferro- 

total 

average 

Silicon 
to  slag. 

Heat  number. 

1  ladle 

silicon 

ingot 

silicon 

analvses  1. 

added.1 

weight 

Silicon 

in  ti- 

and 

tanium- 

skull. 

treated 
heats. - 

Per  cent. 

Pounds. 

Pounds. 

Per  cent. 

Per  cent. 

Per  cent. 

57106 

0.18 
.19 
.15 
.15 
.14 

.18 
.12 
.13 
.20 

.15 

.17 
.18 

600 
600 
700 
600 

550 

600 
700 
550 
600 

500 
600 
700 

229.000 
198,  000 
230. 200 
239. 900 
207. 500 

213.600 
245. 100 
207.  200 
197,  500 

201.600 
193, 800 
240,  600 

0.13 
.15 
.15 
.13 
.13 

.14 
.14 
.13 
.15 

.12 
.15 

.14 

0.20 
.22 
.22 
.20 
.20 

.21 
.21 
.20 
.22 

.19 
.22 
.21 

+0.02 

50057   . .                         

.03 

62106   ..                              

.07 

64091   . .                 

.05 

42116 

.06 

31121 

.03 

58120     .                                      

.09 

38111 

.07 

49116 

.02 

51070 

.04 

37103...                                  

.05 

69118 

.03 

30116 

.18 

.17 
.20 
.18 

600 

600 
500 
600 

194,  400 

233,900 
201,300 
204,  700 

.15 

.13 

.12 
.14 

.22 

.20 
.19 
.21 

.04 

43124 

.03 

45116 

-.01 

36115 

+.03 

No  skull  record  for  last  seven  heats  . . 

av.     .  21 

av.       .  04 

1  Assumed  to  be  50  per  cent  silicon. 


:  Average  silicon  in  titanium-treated  heats  0.07  per  cent. 
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2.  ROLLING  OF  RAILS. 

The  data  on  heating  the  ingots,  rolling,  rail  inspection,  and  drop 
tests  were  obtained  from  the  records  of  R.  W.  Hunt  &  Co.  These 
records  showed  that  the  average  time  of  heating  the  titanium- 
treated  ingots  was  3  hours  and  1 8  minutes  and  the  silicon-treated 
ingots  2  hours  and  40  minutes.  Thirteen  of  the  20  titanium- 
treated  heats  were  in  the  pits  three  hours  or  more,  while  only  7 
of  the  23  silicon-treated  heats  were  heated  as  long.  This  difference 
may  have  had  some  effect  on  the  results. 

The  ingots  were  bloomed  down  to  8y$  by  7 "  s  inches  in  nine  passes, 
and  the  top  and  bottom  discards  were  then  cut  off  and  the  bloom 
cut  in  two.  The  blooms  were  rolled  immediately  without  reheating 
into  90-pound  rails  of  the  A.  R.  A.  section  9020  in  nine  more 
passes.  The  upper  bloom  made  the  "A,"  "  B,"  and  "C"  rails  and 
the  lower  bloom  the  remainder.  Accurate  measurements  were 
made  of  all  discards  from  the  thirteenth  ingot  of  each  heat,  this 
being  the  ingot  from  which  samples  were  taken  from  the  ends  of 
the  A  rails  for  testing  purposes.  The  discard  percentage,  by 
weight,  was  computed  for  each  heat  and  was  about  the  same  for 
both  classes  of  steel,  being  about  13%  percent  at  the  top  and  ^% 
per  cent  at  the  bottom,  with  variations  between  heats  of  about  1 
per  cent  either  way  from  these  values. 

Defects  in  blooming  were  reported  in  only  two  of  the  titanium- 
treated  heats,  Nos.  491 15  and  381 10,  where  a  few  of  the  ingots 
cracked  and  in  seven  of  the  silicon-treated  heats  where  cracked 
or  scabby  ingots  were  seen.  At  the  rail  mill  cobbles  were  made  in 
three  heats,  as  follows:  Six  on  heat  50066,  titanium  treated;  4 
on  heat  37103,  silicon  treated;  and  3  on  heat  691 18,  silicon 
treated.  Defects  due  to  worn  rolls  were  reported  on  4  of  the 
titanium-treated  heats,  and  when  the  rolls  were  changed  nearly 
all  of  the  titanium-treated  steel  had  been  rolled.  With  practically 
fresh  rolls  available  for  the  silicon-treated  heats  which  followed, 
slightly  defective  sections  were  noted  for  6  heats,  and  3  others 
were  reported  a  little  cold  when  rolled.  None  of  the  A  rails  from 
these  silicon-treated  heats  were  used  in  physical  tests.  The  above 
items  were  taken  from  the  records  of  R.  W.  Hunt  &  Co. 

3.  INSPECTION  OF  RAILS. 

The  results  of  the  inspection  of  rails  for  flaws  show  inferior 
results  for  the  titanium-treated  steel,  both  for  surface  defects  and 
pipe.  However,  owing  to  the  different  conditions  of  the  rolls  and 
the  longer  period  of  soaking  for  the  titanium-treated  ingots,  no 
conclusions  are  drawn  as  to  the  effect  of  titanium  treatment  on 
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the  percentage  of  second  quality  rails,  but  a  higher  percentage  of 
piped  rails  came  from  the  titanium-treated  than  from  silicon- 
treated  steel.  Although  a  titanium-treated  steel  that  is  thoroughly 
killed  has  a  deeper  pipe  in  the  ingot  than  a  steel  which  is  not 
killed,  certain  other  factors  contribute.  In  Table  5  is  given  the 
average  time  of  teeming  the  titanium-treated  steel  in  the  three 
open-hearth  plants  at  Gary  and  the  percentage  of  rails  rejected 
for  pipe. 

TABLE  5.— Average  Time  of  Teeming  Titanium-Treated  Steel  in  the  Three  Plants. 


Plant 
number. 

Average 

time  of 

teeming 

one  ingot. 

Rails  re- 
jected for 
pipe. 

2 

1 

Sec. 

41 
45 
50 

Per  cent. 
3.7 
2.2 
1.9 

1 

3 

The  percentage  of  piped  rails  is  seen  to  be  less  as  the  time  of 
teeming  increased.  The  higher  percentages  of  piped  rails  from 
the  titanium-treated  steel,  compared  with  the  silicon-treated, 
appears  to  be  due,  in  part,  to  the  more  rapid  teeming  of  the 
titanium-treated  heats  as  well  as  to  its  more  thorough  deoxidation. 
A  comparison  of  the  percentage  of  piped  rails  with  the  amount 
of  ferrocarbon-titanium  added  does  not  show  any  definite  relation. 
The  heats  receiving  the  most  titanium  gave  the  least  pipe,  while 
those  receiving  the  least  titanium  gave  the  most  pipe.  Evidently 
variations  in  the  amount  of  titanium  used  above  the  minimum 
in  the  treated  heats  did  not  affect  the  piping. 

The  pipes  discussed  above  were  those  found  in  drilling  bolt 

holes  in  the  rails  or  visible  at  the  ends  of  the  rails  or  that  caused 

blisters  on  their  sides.     This  did  not  constitute  a  very  thorough 

method  of  inspection  for  pipe,  but  the  results  should  be  fairly 

comparable    considering    the    large    number    of    rails    inspected. 

The  pipes  found  in  drop-test  fractures  were  not  included  in  those 

discussed  above. 

4.  DROP  TESTS. 

Drop  tests  were  made  according  to  the  usual  specifications  on 
pieces  cut  from  the  top  ends  of  the  A  rails  from  the  second, 
thirteenth,  and  twenty-third  (or  last  full)  ingot  of  each  heat. 
Rails  from  every  alternate  heat  were  tested  with  head  or  base 
in  tension.  The  first  test  on  a  heat  was  made  by  repeated  blows 
until  fracture  occurred,  the  permanent  set  and  elongation  being 
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measured.  The  second  test  was  nicked  after  withstanding  the 
first  blow,  so  as  to  examine  the  fracture  without  delay.  If 
either  of  these  tests  broke  at  the  first  blow  or  showed  segregation 
in  its  fracture,  the  third  test  was  nicked  at  once  for  fracture 
examination  only.  If  pipes  were  discovered  in  the  fractures,  all 
the  A  rails  from  that  heat  were  accepted  only  as  "specials," 
and  drop  tests  were  made  in  the  same  way  on  the  "B"  rails. 
This  occurred  in  only  two  heats,  both  titanium  treated;  all  the 
rails  except  the  A  rails  on  these  two  heats  were  accepted  as  passing 
the  drop  test. 

The  results  for  permanent  set  and  elongation  did  not  show 
anything  significant  or  interesting,  but  the  summary  of  the  other 
drop-test  results  showed  superiority  for  the  titanium-treated  steel 
under  the  drop.     This  summary  is  given  in  Table  6. 
TABLE  6.— Summary  of  Drop-Test  Results. 


Drop-test  data. 


Titanium -treated 

Silicon- 

steel. 

ste 

No. 

Per  cent. 

No. 

20 
9 

23 
5 

45 

60 
4 

69 
11 

7 

10 

17 

12 

3 

5 

0 

3 

5 

27 

Total  number  of  heats 

Total  giving  no  breaks,  unless  nicked,  and  all  clear  fractures. . 

Total  number  of  A  rails  tested 

Failures  at  second  blow  (unnickedt 

Failures  at  third  blow  (unnicked) 

Piped  fractures 

Segregated  fractures 


Per  cent. 


It  is  seen  that  the  titanium-treated  steel  was  harder  to  break 
and  showed  more  uniform  fractures  than  the  silicon  treated.  How- 
ever, none  of  the  silicon-treated  rails  were  segregated  enough  to 
break  at  the  first  blow,  and  since  no  penalty  was  attached  to 
segregated  fractures  unless  that  occurred  the  actual  commercial 
results  of  the  drop  tests  were  less  satisfactory  for  the  titanium- 
treated  rails  because  of  the  three  pipes  found  among  their  fractures. 
5.  MATERIAL  AVAILABLE  FOR  LABORATORY  TESTS. 

The  upper  half  of  the  broken  drop-test  pieces,  and  the  A  rails 
from  the  middle  ingot  of  each  heat  were  available.  Thirteen  such 
rails  were  used,  5  being  treated  with  from  10  to  12  pounds  of 
ferrocarbon-titanium  per  ton,  3  with  from  8  to  10  pounds,  and  5 
were  silicon  treated.  A  length  of  4 l  i  feet  from  the  top  and  bottom 
ends  of  the  13  A  rails  were  used  for  various  laboratory  tests,  leav- 
ing 24  feet  for  service  tests.  Sections  were  taken  from  the  upper 
half  of  the  broken  drop- test  pieces  for  analyses,  hardness  tests,  and 
sulphur  prints.  The  sulphur  printing  and  chemical  analysis  was 
done  by  the  Titanium  Alloy  Manufacturing  Co.,  and  the  hardness 
survey  was  made  on  the  sulphur  print  section  later  at  the  Bureau 
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of  Standards.  The  4^-foot  sections  were  taken  from  the  top  ends 
of  the  A  rails  and  used  for  etching,  endurance,  impact,  tensile 
testing,  sulphur  printing,  and  hardness  survey.  The  sulphur 
printing  and  endurance  testing  were  done  by  the  Titanium  Alloys 
Manufacturing  Co.,  and  the  etching,  impact,  tensile,  and  hardness 
testing  were  done  at  the  Bureau  of  Standards.  The  4/2-foot 
sections  from  the  bottom  of  these  rails  were  used  for  similar  tests, 
except  that  no  endurance  tests  were  made  on  specimens  from 
this  end  of  the  rails  and  chemical  analyses  were  made  by  both  the 
Titanium  Alloy  Manufacturing  Co.  and  the  Bureau  of  Standards. 
The  4><-foot  pieces  used  for  tests  have  been  identified  in  all 
cases  with  letters  as  shown  in  Table  7. 
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Fig.  1. — Positions  of  sections  from  the  top  and  bottom  ends  of  A  rails,  from  which  samples 
for  laboratory  tests  were  taken  as  indicated;  and  location  of  drop-test  samples. 

TABLE  7.— Identification  of  4'  2-foot  Samples. 


Ferro- 

carbon- 

tita- 

nium 

used 

per  ton. 

Sample  letter. 

Heat  number. 

Top  end 
of  rail. 

Bottom 

end 
of  rail. 

31121 

Pounds. 
None. 
None. 
None. 
None. 
None. 

8.63 

8.68 
8.83 
11.30 

12.00 
10.50 
10.74 
11.50 

A 
C 
E 
G 
I 

K 
M 
Y 
O 

0 

s 
u 

w 

B 

42116 

D 

50067 

F 

57106 

H 

62106 

J 
L 

31120 

37102 

N 

62105 

z 

43123 

p 

461 24 

R 

49115 

T 

50066 

V 

51069 

X 

The  specimens  taken  from  the  top  and  bottom  samples  of  the 
A  rails  for  various  tests  are  referred  to  by  the  letters  according 
to  the  plan  of  Table  7. 

III.  LABORATORY  TESTS. 

Sections  from  which  the  test  specimens  were  made  were  taken 
from  the  top  and  bottom  pieces  of  the  A  rails  used  for  tests  as 
shown  in  Figure  1. 
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1.  CHEMICAL  ANALYSES. 

Analyses  were  made  of  test  ingot  drillings  from  all  the  heats  for 
carbon,  manganese,  phosphorus,  sulphur,  and  silicon  by  the 
manufacturers  and  for  titanium  by  the  Titanium  Alloy  Manufac- 
turing Co.  Analyses  were  made  by  the  Titanium  Alloy  Manufac- 
turing Co.  of  the  drop  test  pieces,  the  drillings  being  taken  at  the 
O,  M,  and  W  positions,  as  indicated  in  Figure  2 ;  the  first  two  were 
taken  with  a  ^s-inch  drill  and  the  last  with  a  J^-inch  drill.  Com- 
plete analyses,  including  titanium,  were  made  of  all  samples  from 
the  heats  used  for  physical  tests,  except  that  manganese,  silicon, 

and  titanium  were  not  deter- 
mined upon  the  web  samples. 
The  drop-test  pieces  from  the 
other  heats  were  anlayzed  for 
carbon  and  titanium  at  the  O 
and  M  positions  and  for  carbon 
only  in  the  web.  The  samples 
taken  from  the  drop-test  pieces 
were  considered  near  enough 
to  the  top  end  of  the  A  rails,  so 
that  the  results  of  the  analyses 
represent  sufficiently  the  com- 
position of  the  top  ends. 

Complete  analyses  were  made 
by  the  Titanium  Alloy  Manu- 
facturing Co.  and  the  Bureau 
of  Standards  of  drillings  from 
the  bottom  ends  of  all  the  A 
rails  used  for  mechanical  tests, 
(a)  Test  Ingot  Drillings. — The  average  results  of  the  analy- 
ses of  the  test  ingot  drillings  for  titanium-treated   and   silicon- 
treated  steel,  with  the  maximum  and  minimum  values,  are  given 
in  Table  8. 

TABLE  8.— Average  Analyses  of  Test  Ingot  Drillings. 


Wof 


Brinell  Impressions -A,  B,  CD,  E,F,G,H,I 
Chemical  Analysis-O, M,W 
Fig.   2. — Location  of  positions  where  hardnes 
tests  and  chemical  analyses  were  made. 
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These  two  average  analyses  for  the  titanium-treated  and  silicon- 
treated  heats  are  nearly  identical,  except  for  silicon.  All  of  the 
other  elements  averaged  a  little  higher  in  the  titanium-treated 
heats. 

(b)  Drop-Test  Pieces. — Table  9  gives  the  results  of  carbon 
determinations  on  each  drop-test  piece  from  the  A  rails  at  the 
O,  M,  and  W  positions.  The  percentage  of  segregation  was  com- 
puted by  dividing  the  difference  between  the  O  value  and  the 
M  or  W  (whichever  showed  the  greater  difference)  by  the  O 
value. 


TABLE  9. — Carbon  Determinations  on  Drop-Test  Pieces  From  Top  of  A  Rails. 


Titanium-treated  heats. 

Silicon -treated  heats. 

Tita- 
nium 

aver- 
age at 
O  and 
M. 

Carbon  at  positions — 

Segre- 
gation 
of 
car- 
bon. 

Heat 
number. 

Carbon  at  posit 

ions — 
W 

Segre- 
gation 

of 
car- 
bon. 

Heat 
number. 

1 
O            M 

W 

O 

M 

0.0136 
.0086 
.0154 
.0083 
.0096 

.0072 

.0044 
.0065 
.0042 
.0076 

0. 75    '     0. 80 
.70          .69 

0.73 
.67 
.77 
.70 
.64 

.70 
.78 
.78 
.73 
.80 

Per 
cent. 
6.7 
-4.3 
10.7 
-4.2 
-12.3 

-7.9 
5.4 
2.6 
11.6 
8.0 

30116 

0.75 
.73 
.75 
.67 
.75 

.68 

.74 
.71 
.72 
.68 

.71 
.73 
.72 
.73 
.70 

.63 
.67 
.73 
.69 
.64 

0.83 
.80 
.76 
.68 
.91 

.76 
.87 
.73 
.75 
74 

.79 
.82 
.79 
.88 
.76 

.67 
.87 
.81 
.74 
.77 

0.81 
.90 
.80 
.70 
.90 

.80 
.84 
.72 
.77 
.75 

.78 
.82 
.85 
.86 
.78 

.71 
.85 
.82 
.72 
.78 

Per 

cent. 
10.7 

31121 

23.3 

.75 
.72 
.73 

.76 
.74 
.77 
.69 

.75 

.83 
.69 
.71 

.72 
.74 
.79 
.77 
.81 

33109 

6.7 

35087  1 

371021 

36115 

4.5 

37103 

21.3 

38111 

17.7 

42116 

17.6 

43124 

2.8 

621051 

43128 

45116 

6.9 

10.3 

49116 

Average 

.0085 

.736 

.755 

.730 

7.37 

11.2 

12.3 
18. 1 

Average  of  O 

M,  W 

.0192 
.0151 
.0244 
.0172 
.0226 

.0233 

.0145 
.0180 
.0167 

.740 

.72 
.72 
.79 
.72 
.72 

.73 
.71 
.79 
.69 

5.7 

4.0 

5.3 

-9.0 

—1.4 

1.4 
-1.4 
-3.8 
-1.4 

51070 

51075 

20.5 

.71 
.75 
.75 
.78 
.72 

.73 
.71 
.78 
.70 

.75 
.76 
.77 
.71 
.71 

.74 
.70 
.75 
.70 

57106 

11.4 

41113 

58120 

43123. 

12.7 

44120 

62106 

64091 

69118 

29.8 

46124 

12.3 

7.  2 

49115. 

69124 

21.9 

50066 

51069 

54127   

Average 

.0190 

.737         .732 

.732 

3.71 

.706 

.786 

.789 

13.96 

Average  of  C 

,M,W 

.734                     

.760                    

■  Less  than  10  pounds  ferrocarbon-titanium  per  ton  was  used  in  these  heats. 
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These  results  show  that  titanium  reduces  segregation  in  the 
drop-test  pieces  taken  from  the  tops  of  the  A  rails,  for  only  i ,  or 
5.3  per  cent,  of  the  titanium-treated  rails  showed  as  much  as  12 
percent  segregation  of  carbon,  while  11,  or  55  percent,  of  the  sili- 
con-treated showed  more  than  that  amount.  Only  1 ,  or  1 1 . 1  per 
cent,  of  the  heats  treated  with  over  10  pounds  ferrocarbon-titanium 
per  ton  showed  over  6  per  cent  segregation,  while  all  but  2,  or  90 
per  cent,  of  the  silicon-treated  heats  showed  more  than  this 
amount.  It  should  also  be  noted  that  the  small  segregation,  3.71 
per  cent  on  the  average,  for  heats  treated  with  10  to  13  pounds  of 
ferrocarbon-titanium  per  ton  is  distributed  about  equally  between 
positive  and  negative  values,  as  compared  with  an  average  of 
13.86  per  cent,  all  positive,  for  segregation  in  the  drop-test  pieces 
of  the  silicon-treated  heats. 

(c)  Bottom  Ends  of  A  Rails. — Complete  analyses  were  made 
on  rail  sections  used  for  mechanical  tests.  These  samples  came 
from  the  drop-test  pieces,  representing  the  top  ends  of  A  rails, 
and  from  the  bottom  ends  of  the  A  rails.  Table  10  gives  these 
analyses  and  the  per  cent  of  carbon  segregation  in  samples  from 
the  top  and  bottom  ends  of  these  rails. 

The  effect  of  titanium  is  very  marked  in  reducing  segregation 
near  the  top  of  the  ingot,  and  this  improvement  is  approximately 
proportional  to  the  titanium  addition  (see  Table  9),  but  this  effect 
of  titanium  appears  to  fall  off  very  rapidly,  as  shown  by  a  com- 
parison of  carbon  segregation  at  the  top  and  bottom  of  the  A  rails 
(see  Table  10) .  Thus  it  is  seen  that  there  is  not  as  much  difference 
in  the  segregation  of  carbon  between  the  titanium-treated  and 
silicon-treated  heats  at  the  bottom  of  the  A  rails  as  there  was  at 
the  top,  represented  by  the  drop-test  pieces.  The  average  segre- 
gation at  the  bottom  for  the  silicon-treated  heats  is  12.1  per  cent, 
for  heats  treated  with  less  than  10  pounds  of  ferrocarbon-titanium 
per  ton  10  per  cent,  and  for  heats  treated  with  over  10  pounds  per 
ton  8.3  per  cent;  whereas  at  the  top  the  respective  percentages 
are  18.9,  9.4,  and  2.7.  The  other  elements  did  not  segregate  as 
much  as  the  carbon,  and  the  titanium  treatment  appears  to 
influence  their  segregation  but  little  more  than  the  silicon  treat- 
ment. 

The  phosphorous  contents  for  titanium-treated  and  silicon-treated 
steel  were  consistently  higher  at  the  bottom  ends  than  at  the  top 
ends  of  the  A  rails.     The  titanium  content  was  usually  higher 
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at  the  O  position  than  at  the  M  position  and  generally  slightly 
higher  in  the  drop-test  piece  than  in  the  bottom  of  the  A  rails,  or 
in  the  ladle-test  ingots,  indicating  that  this  element  tends  to  rise 
to  the  top  of  the  ingot,  but  does  not  segregate  toward  the  center 
of  the  section.  Nickel  was  looked  for  in  these  analyses,  but  none 
was  detected.  The  analyses  from  the  bottoms  of  the  A  rails  show 
that  there  were  no  important  differences  in  composition  between 
the  three  classes  of  samples  used  for  mechanical  tests.  The 
silicon-treated  samples  were,  of  course,  considerably  higher  in 
silicon,  and  the  samples  treated  with  from  8  to  10  pounds  ferro- 
carbon-titanium  per  ton  were  slightly  lower  in  carbon  and  higher 
in  phosphorus  and  sulphur  than  the  others. 

(d)  Gas  Analysis. — Samples  from  the  top  ends  of  the  13  A 
rails  tested  mechanically  were  analyzed  for  nitrogen  by  the 
Allen  method,3  and  some  of  these  specimens  were  checked  by  the 
use  of  hydrofluoric  acid  in  the  solution  of  the  steel  samples.  Speci- 
mens from  both  the  top  and  bottom  ends  of  one  rail  of  each  type 
were  analyzed  for  oxygen  and  hydrogen  by  the  graphite  fusion 
method  4  instead  of  the  Goerens  antimony-tin  alloy  vacuum  fusion 
method,  because  the  latter  is  not  satisfactory  for  steel  having  as 
high  carbon  content  as  these  rails.  These  results,  together  with 
the  per  cent  of  residual  insoluble  titanium  at  positions  O  and  M 
(fig.  2)  from  both  the  top  and  bottom  ends  of  the  A  rails  and  the 
total  titanium  from  the  bottom  ends,  are  given  in  Table  1 1 .  The 
table  is  arranged  in  the  order  of  increasing  total  residual  titanium. 

In  general,  the  nitrogen  determined  by  the  Allen  method 
decreased  as  the  residual  titanium  in  the  steel  increased.  This 
may  be  interpreted  as  meaning  that  less  nitrogen  is  combined 
with  iron  and  manganese  in  the  steel  as  the  residual  titanium 
becomes  greater.  It  does  not  mean  that  the  nitrogen  has  been 
eliminated  from  the  metal,  since  tests  made  in  the  course  of  these 
determinations  have  shown  that  any  nitrogen  combined  with 
either  titanium  or  silicon  is  not  detected  by  the  usual  method  of 
analysis. 

The  use  of  hydrofluoric  acid  in  the  solution  of  the  steel  samples 
does  permit  the  determination  of  at  least  a  part  of  the  nitrogen 
combined  with  titanium  and  silicon.  Analysis  of  the  titanium- 
treated  rails  by  such  a  method  shows  them  to  contain  much  more 
nitrogen  than  is  determined  by  the  Allen  method. 

3  B.  S.  Sci.  Paper  No.  457. 

4  Recently  developed  at  the  Bureau  of  Standards  and  will  be  published  shortly. 
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The  addition  of  ferrocarbon-titanium  to  these  rail  steels  has 
decreased  the  amount  of  nitrogen  combined  with  iron  and  man- 
ganese. The  nitrogen  thus  taken  up  by  titanium  is  apparently 
in  part  retained  in  the  metal  as  a  nitrogen  compound  of  titanium. 
The  total  amount  of  combined  nitrogen  in  steel  treated  with  8  to 

9  pounds  of  ferrocarbon-titanium  per  ton  is  as  high  as  the  silicon- 
treated  steel.  Steels  treated  with  10  to  12  pounds  per  ton  con- 
tain less  total  combined  nitrogen  than  the  silicon-treated  steels 
or  those  treated  with  the  smaller  amounts  of  ferrocarbon-titanium. 

As  stated  above,  the  values  for  oxygen  and  hydrogen  were 
obtained  by  fusion  of  the  steel  samples  in  vacuo  in  graphite  cruci- 
bles. This  method  probably  determines  oxygen  of  silica  inclusions 
in  a  steel  in  addition  to  oxides  of  iron,  manganese,  and  carbon. 
It  is  doubtful  whether  the  method  at  the  temperature  employed — 
namely,  1,450°  C. — does  reduce  oxygen  in  titanium  oxide  inclu- 
sions, and  at  present  it  is  possible  to  assume  that  any  apparent 
reduction  of  oxygen  in  the  steel  by  the  additions  of  titanium  is 
due  to  the  formation  of  titanium  oxides  at  the  expense  of  the  oxy- 
gen of  iron,  carbon,  manganese,  and  silicon  oxides,  but  that  this 
oxygen  may  still  be  present  in  the  metal  as  titanium  oxide  in- 
clusions. 

The  results  for  oxygen  in  Table  1 1  show  there  is  an  immediate 
and  appreciable  drop  in  the  amounts  of  oxides  reducible  by  carbon 
on  the  addition  of  ferrocarbon-titanium  in  the  proportion  of  8  to 

10  pounds  per  ton.  After  the  addition  of  ferrocarbon-titanium 
in  amounts  of  10  to  12  pounds  per  ton,  oxides  reducible  by  carbon 
are  entirely  lacking.  The  effect  of  titanium  additions  on  the 
oxygen  content  of  the  steels  is  apparently  more  immediate  than 
is  the  effect  of  the  same  additions  on  the  nitrogen.  Addition  of 
10  to  12  pounds  of  ferrocarbon-titanium  completely  absorbs  the 
oxygen,  but  still  leaves  0.001  to  0.002  per  cent  nitrogen  deter- 
minable by  the  Allen  method. 

2.  SULPHUR  PRINTS  AND  ETCHED    SECTIONS. 

Sulphur  prints  were  made  of  cross  sections  of  all  the  drop-test 
pieces  near  the  crop  end  of  the  rail  bar  and  of  the  top  and  bottom 
ends  of  the  A  rails,  as  shown  in  Figure  1 .  The  outstanding  features 
revealed  by  the  sulphur  prints  of  sections  of  all  the  drop-test 
pieces  and  sections  from  the  top  and  bottom  of  the  A  rails  used 
for  mechanical  tests  are  summarized  in  Table  12. 
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TABLE  12. — Summary  of  Results  Shown  by  Sulphur  Prints. 


Ferrocarbon -titan- 
ium used  per  ton. 


Location  of  section. 


[Drop-test  piece... 

Top  of  A  rail 

I  Bottom  of  A  rail. 


(Drop-test  piece. 

to  10  pounds ^Top  A  rail 

1  Bottom  A  rail.. 


'  [Drop-test  piece. 

10  to  13  pounds -Top  A  rail 

1 1  Bottom  A  rail.. 


Total 
sam- 
ples. 


No. 
20 
5 
5 

10 
3 
3 

9 
5 
5 


Segregation  shown  on  sulphur  prints. 


Serious. 


Per 

0.      cent. 

8  40 

3  1        60 
0  0 


Slight. 


No. 
11 
1 
3 

2 
1 

0 

0 
0 
0 


Per 
cent. 

55 
20 
60 

20 

33 

0 

0 
0 
0 


No. 
1 
1 
2 

4 
0 
3 

3 
3 
5 


Per 

cent. 

5 

20 
40 

40 

0 

100 

33 
60 
100 


Negative. 


Per 
cent. 


As  indicated  in  Table  12,  none  of  the  titanium-treated  samples 
and  none  of  the  samples  from  the  bottoms  of  the  A  rails  were 
seriously  segregated  and  none  of  the  silicon-treated  samples 
showed  negative  segregation  of  sulphur.  All  of  the  samples  from 
the  bottom  ends  of  the  A  rails  gave  uniform  sulphur  prints  except 
three  out  of  five  silicon  treated  which  showed  slight  segregation 
at  this  distance  below  the  top  of  the  ingot.  Figures  3  to  14,  in- 
clusive, are  sulphur  prints  from  the  drop-test  pieces  and  pieces 
from  the  top  and  bottom  ends  of  the  A  rails.  There  is  a  decided 
difference  between  the  prints  of  the  titanium-treated  and  silicon- 
treated  rails.  Of  all  the  silicon-treated  samples,  87  per  cent 
showed  serious  or  slight  segregation,  while  91  per  cent  of  all  the 
titanium-treated  samples,  or  100  per  cent  of  those  treated  with 
over  10  pounds  of  ferrocarbon-titanium  per  ton,  showed  either 
uniform  sulphide  distribution  or  negative  segregation. 

Horizontal  sections  for  etching  were  cut  parallel  to  and  one- 
half  inch  below  the  top  of  the  head  of  pieces  from  the  top  and 
bottom  ends  of  the  A  rail  samples  only,  none  of  the  drop-test 
pieces  being  tested  in  this  way.  The  sections  were  first  etched 
in  copper  ammonium  chloride.  The  only  defects  revealed  were 
slight  longitudinal  streaks  in  silicon-treated  samples  G,  I,  and  J 
and  in  titanium-treated  samples  W  and  Y.  From  the  sulphur 
prints  such  streaks  would  be  expected  in  all  these  samples  except 
\V.  Sample  Y  was  from  a  heat  that  received  less  than  10  pounds 
of  ferrocarbon-titanium  per  ton.  It  showed  low  titanium  con- 
tent on  analysis  and  slight  segregation  in  its  sulphur  print.  Figure 
15  shows  macrographs  of  some  sections  etched  in  this  manner. 
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These  sections  were  then  etched  in  boiling  concentrated  hydro- 
chloric acid  for  half  an  hour.  This  etching  developed  longitudinal 
streaks  along  the  horizontal  face  and  transverse  pits  on  the  ends 
of  the  half-inch  sections  in  all  the  samples  from  the  top  ends  of 
the  silicon-treated  A  rails  and  in  some  of  the  silicon-treated 
samples  from  the  bottom  ends.  In  none  of  the  titanium-treated 
samples,  except  Y  (which  was  low  in  titanium),  were  such  streaks 
developed.  Figure  16  shows  macrographs  of  some  of  the  silicon- 
treated  sections  etched  in  this  manner  and  Figure  1 7  is  macro- 
graphs of  some  etched  sections  of  titanium-treated  rails.  The 
results  agree  quite  closely  with  the  sulphur  prints  in  showing  the 
influence  of  titanium  treatment  on  the  soundness  of  A  rails. 
3.  HARDNESS  TESTS. 

Hardness  tests  were  made  by  the  Brinell  method,  using  3,000 
kg  load,  on  all  sulphur  print  sections  at  13  positions  as  shown  in 
Figure  2.  A  summary  of  the  average  results  at  these  positions 
on  the  sections  from  the  drop-test  pieces  and  the  pieces  from  the 
top  and  bottom  ends  of  the  A  rails  treated  with  different  amounts 
of  titanium  is  given  in  Table  13. 

TABLE  13. — Average  Brinell  Hardness  for  Samples  Treated  with  Different  Amounts 

of  Titanium. 


DROP-TEST  PIECES. 

Ferrocarbon- 

Positions  of  sections  (see  fig.  2). 

Average 
Brinell 
number. 

Maxi-  Num- 
mum      ber 
differ-  aver- 
ence.     aged. 

Positions. 

titanium,  per 
ton. 

A 

B 

C 

D 

E 

F 

G 

H 

I 

Maxi- 
mum. 

Mini- 
mum. 

260 
255 
251 

257 
253 
249 

256 

252 
247 

259 
253 
252 

272 
268 
249 

286 
257 
258 

264     251 

255 

260 
253 

262. 2  ±7. 8 
257.6±4.4 
251.9±3.0 

35          20 
16           10 
11           11 

F 
G 
F 

H 

8  to  10  pounds. . 
10  to  13  pounds. 

267 
257 

256 
251 

C 

C 

TOP  ENDS,  A  RAILS. 


None 240  240  246  '  253 

8  to  10  pounds..  233  236  239  242 
10  to  13  pounds.  237  '  235  236  244 


266  272 
247  |  244 
250  i  261 


251  236 
244  237 
243  243 


238 

242 
241 


249.  1±  9.0 
240.  4±  3.  7 
243.3±5.5 


BOTTOM  ENDS,  A  RAILS. 

None 

'6  to  10  pounds  . 
10  to  13  pounds. 

245 

237 
239 

246 
238 
238 

249 
240 
243 

255     261     265     255 
243     262  !  256     252 
249     255  1  267  .  248 

242 
241 
243 

248 
236 
243 

251.  8±6.  4 
245. 0± 6.  7 
247. 3±  6.  7 

23 
26 
29 

5 
3 

5 

F 
E 
F 

H 
I 
B 

These  results  show  less  variation  in  hardness  in  the  titanium- 
treated  sections  from  the  drop-test  pieces  and  the  top  ends  of  the 
A  rails  but  slightly  greater  variation  over  sections  at  the  bottom 
ends  of  the  A  rails.  The  average  hardness  over  the  entire  section 
of  the  silicon-treated  pieces  was  higher  than  for  the  sections  of 
the  titanium-treated  pieces,  which  is  consistent  with  the  higher 
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Fig.  16.— Macrographs  of  specimens  taken  longitudinally,  one-half  inch  below  the  tread 
from  sections  of  silicon-treated  A  rails.  Etched  in  boiling  concentrated  hydrochloric 
acid  for  one-half  hour. 

Pr,(^a?d-r)  Fl?m  }°?  ends  of  silicon-treated  A  rails  (Sections  G  and  I,  Table  7).     (c  and  d)  From  bottom 
ends  of  silicon-treated  A  rails  (Sections  D  and  J,  Table  7).  oottom 
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pIG>  I7  — Macrographs  of  specimens  taken  longitudinally  from  sections  of  titanium-treated. 
A  rails.     Etched  in  boiling  hydrochloric  acid  for  one-half  hour. 

From  thetop  end  c  f  A  rail  (Section  Q,  Table  7)  treated  with  12  pounds  F.  C.  T.  per  ton.  (6)  From  the 
top  end  of  A  rail  (Section  V,  Table  7)  treated  with  8.83  pounds  of  F.  C.  T.  per  ton.  (<)  From  the  bottom  end 
of  A  rail  (Section  R,  Table  7)  treated  with  12  pounds  F.  C.  T.  per  ton.    (</)  From  the  bottom  end  of  A  rail 

on  '/..  'I  able  7 1  treated  with  8.83  pounds  F.  C.  T.  per  ton. 
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carbon  and  silicon  contents  (Tables  9  and  10)  of  the  former.  At 
certain  positions  on  the  silicon-treated  sections  the  hardness 
exceeded  any  part  of  the  titanium-treated  sections  on  account  of 
segregation  in  the  former.  The  hardest  part  was  in  the  web  in 
all  classes.  The  highest  web  values  were  in  the  drop-test  pieces 
from  heats  silicon  treated  and  treated  with  less  than  10  pounds 
of  ferrocarbon- titanium  per  ton,  while  from  heats  treated  with 
over  10  pounds  ferrocarbon-titanium  per  ton  the  hardest  point 
was  in  the  web  of  the  sections  from  the  bottoms  of  the  A  rails. 
The  hardness  survey  shows  also  another  similar  result  to  the 
chemical  analyses,  namely,  that  the  effect  of  the  titanium  addi- 
tions is  practically  no  better  at  the  bottom  ends  of  the  A  rails  than 
the  effect  of  silicon  additions. 

5'Lohs  If  Long  Z^Lchc 


& 


Fig.  18. — Showing  positions  where  tensile  specimens  were  taken  from  the  top  and 
bottom  ends  of  all  13  of  the  A  rails  used  in  physical  tests. 

4.  TENSILE  TESTS. 

Tensile  tests  were  made  on  specimens  cut  from  pieces  from  both 
the  top  and  bottom  ends  of  the  A  rails.  Three  specimens,  two  of 
them  taken  longitudinally  from  the  center  of  the  head  and  the 
junction  of  the  head  and  web,  respectively,  and  one  transversely 
across  the  center  of  the  head,  were  tested  from  all  the  A  rails 
used  for  mechanical  tests  (see  fig.  18) .  Additional  specimens  were 
cut  from  the  top  and  bottom  ends  of  one  A  rail  for  each  class  of 
steel.  Heat  62106  (samples  I  and  J)  was  chosen  to  represent  the 
silicon-treated  steel  for  this  purpose,  heat  31 120  (samples  K  and  L) 
was  chosen  for  steel  treated  with  from  8  to  10  pounds  of  ferro- 
carbon-titanium per  ton,  and  heat  51069  (samples  W  and  X)  for 
steels  treated  with  10  to  12  pounds  per  ton.  Besides  specimens 
from  positions  shown  in  Figure  18  the  additional  specimens  were 
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taken  from  positions  shown  in  Figure  19.  Some  of  these  speci- 
mens were  long  enough  to  make  standard  2 -inch  gauge  length 
bars  0.505  inch  in  diameter  and  others  were  too  short  and  were 
machined  into  i-inch  gauge  length  0.252-inch  diameter  test  bars* 
For  testing  the  1  -inch  specimens  a  special  1  -inch  strain-gauge  was 
made. 

Figures  20  and  2 1  give  graphically  the  average  results  of  tensile 
tests  on  specimens  taken  from  the  nine  positions  in  the  top  and 


5"  Long 


1 1  Long 


D 


± 


8 


Side  View 


Fig.   19. — Positions  from  irh ere  additional  tensile  specimens  zvere  taken  from 

three  A  rails. 

bottom  ends  of  A  rail  sections.  The  average  values  of  the  tensile 
strength,  proportional  limit,  elongation,  and  reduction  of  area  of 
specimens  from  the  top  ends  for  the  three  treatments  are  given  on 
the  left  of  the  vertical  lines  marked  positions  1  to  9,  inclusive,  and 
the  values  for  test  specimens  taken  from  the  bottom  of  the  A  rails 
are  given  on  the  right  of  the  vertical  lines.  The  number  of  tests 
averaged  in  each  case  for  each  type  of  steel  from  the  top  and  bottom 
ends  of  the  rails,  the  diameter  of  the  specimens,  and  whether  they 
were  taken  longitudinally  or  transversely,  are  also  indicated  in  the 
figures.  The  average  results  of  all  longitudinal  and  transverse 
tests  are  given  in  the  last  two  columns.     In  practically  every  case 
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5  IN  RAIL  5ECTI0N5 
-Diagram  showing  average  tensile  strength  and  pro portiona I  limit  of  s pecimens . 


Specimens  were  taken  from  the  nine  positions  from  the  top  and  bottom  sections  of  A  rails  for  the  three 
treatments,  the  number  of  tests  averaged  from  top  and  bottom  ends  for  each  treatment  with  the  diame- 
ter of  specimens,  and  whether  they  were  taken  longitudinally  or  transversely.  Also  the  average  of  all  of 
the  results  of  all  the  tests  on  longitudinal  and  transverse  specimens,  respectively. 
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the  steels  treated  with  from  8  to  10  pounds  of  ferrocarbon-titanium 
per  ton  were  lower  in  tensile  strength  and  higher  in  ductility 
longitudinally  than  either  the  steel  treated  with  from  10  to  12 
pounds  ferrocarbon-titanium  per  ton  or  the  silicon-treated  steels. 
For  the  steel  treated  with  ferrosilicon  and  with  from  10  to  12 
pounds  ferrocarbon-titanium  per  ton  the  highest  tensile  strength 

KEY  TO  DEOXIDATION 
O  FERRO-SILICON 
+  8  TO  10  LBS.  FC.T  PER  TOM 
x  10  TO  13  LB5  FC.T  PER  TON 
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POSITIONS  IN  RAIL  SECTIONS 

Fig.  21. — Diagram  showing  the  average  results  for  elongation  and  reduction  of  area 

in  tensile  tests. 

Arranged  similarly  to  results  in  Figure  20. 

was  about  equally  divided  between  these  two  types  for  specimens 
from  the  various  positions.  The  proportional  limits  of  the 
titanium-treated  specimens  were  irregular,  some  of  them  being 
as  high  as  those  of  the  silicon-treated  specimens  and  others  much 
lower.  The  average  of  the  results  for  proportional  limit  shows 
that  of  the  longitudinal  specimens  the  silicon  treated  gave  the 
highest  values,  and  of  the  specimens  taken  transversely  the  ones 


AVE  ?AG 

+ 

* 

*   o 

+ 
ft   • 

+ 
a  + 

■»- 

1 
1  + 

* 

0 

+ 

X 

O 

o 

X 

0   ° 

X 

O 

® 

is 

fi 

$ 

o 

X 

9 

8 

1 
J 

X 

9 

+ 

X 

e 

r 

fj 

1 

9* 

f° 

T 
5 

B  T 
5    5 

B  T 

5    5 

B   T 
5    1 

B   T 
1     1 

B  T 
1     1 

B   T 
1     1 

B  T 
1     1 

B  T 
1     1 

bTT 
1 1 13 

B  T 

13  5 

B 
6 

•  + 

I* 

3 
5 

3    3 
5    5 

3    3 
5    5 

3     1 
5    1 

1     1 
1     1 

1     1 
1     1 

1     1 
1     1 

1     1 

1     1 

1     1 
1     1 

l|9 
Iil3 

9    6 
13   8 

6 

a 

.505    15Z  15Z  .505   .505    .505    .252   15Z  .252  i 
LTLJ++LLTTTJLT 

* 

X 

X 

O 

* 

+ 

1 

U 

* 

¥ 

O 

•P  O 

O 

O   x 

X 

!* 

0 

o 

6 

X 

X 

O 

© 

1° 

X 

fi 

9 

X 

+ 

X 

I 

X 

? 

V 

♦ 

I 

1 
1 

V 

Q«afw]  Titanium  vs.  Silicon  Treated  Rails.  621 

that  received  from  8  to  10  pounds  ferrocarbon-titanium  per  ton 
gave  slightly  higher  average  values.  It  is  also  seen  from  Figure  21 
that  all  of  the  transverse  specimens  were  decidedly  deficient  in 
ductility.  The  titanium-treated  samples  averaged  somewhat  more 
ductile  but  less  strong  and  stiff  than  the  silicon  treated. 

The  greater  ductility  of  specimens  from  steel  treated  with  the 
smaller  amount  of  titanium  and  the  greater  strength  of  specimens 
treated  with  ferrosilicon  and  the  larger  amounts  of  titanium  are 
probably  affected  more  by  the  carbon  content  of  these  steels  than 
by  the  deoxidation  practice.  Table  10,  which  gives  the  chemical 
composition  of  the  rails  tested  mechanically,  shows  that  the  aver- 
age carbon  content  for  the  three  types  of  steel  at  the  top  and  bot- 
tom ends  of  the  A  rails  to  be  as  follows: 


Average  carbon  content 


Ferrocarbon-titanium  used  per  ton. 


None. 

8  to  10  pounds  . 
10  to  12  pounds  . 


The  transverse  pieces  were  low  in  ductility  and  somewhat  low 
in  tensile  strength  and  relatively  high  in  proportional  limit,  with 
no  pronounced  differences  between  the  titanium-treated  and 
silicon-treated  steels. 

As  a  whole  the  results  from  the  tensile  tests  did  not  show  as  much 

difference  between  the  titanium-treated   and  the   silicon-treated 

rails  as  was  expected  from  the  difference  in  segregation.     There 

was,  however,   somewhat    more  uniformity  in    tensile  properties 

between  different  parts  of  the  section  in  the  titanium-treated  rails 

than  in  those  treated  with  silicon.     In  general,  the  proportional 

limit  and   tensile   strength   was   lower  with  higher  ductility  for 

specimens  from  titanium-treated  rails.     These  effects  were  more 

pronounced  in  tests  on  samples  taken  longitudinally  than  in  those 

taken  transversely. 

5.  IMPACT  TESTS. 

Impact  tests  were  made  on  samples  from  the  top  and  bottom 
ends  of  the  A  rails,  both  by  the  Izod  and  the  Stanton  repeated 
impact  methods. 

(a)  Izod. — These  tests  were  carried  out  at  the  Bureau  of 
Standards  with  specimens  1  cm  square  with  a  45  °  notch  0.079 
inch  deep  and  1 . 1  inches  from  the  end,  using  the  Izod  type  machine 
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of  1 20-foot-pound  capacity,  built   by  F.  H.  Bultman.     The  test 

specimens  were  cut  from  the  rails  at  exactly  similar  positions  as 

the  tensile  test  specimens  (see  figs.  18  and  19).     Most  of  the  Izod 

impact  tests  were  made  in  duplicate,  and  in  some  cases  four  tests 

were  made.     All  of  the  specimens  broke  off  completely,  leaving  a 

coarse  crystalline  fracture. 
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IZOD  IMPACT  STANTON    WHITE-SOUTHER 

Fig.  22. — Gives  average  energy  absorbed  in  the  Izod  tests  for  specimens,  from  each    . 
position  indicated  and  in  a  similar  manner  the  number  of  blows  endured  in  the    - 
Stanton  test,  the  maximum  fiber  stress  and  the  millions  of  revolutions  endured  in 
the  White-Souther  tests. 

Figure  22  gives  the  average  results  of  the  Izod  impact  tests  on 
specimens  taken  longitudinally  and  transversely  for  the  three 
types  of  steel  from  the  various  positions  in  the  top  and  bottom 
ends  of  the  A  rails.  The  average  results  of  the  tests  are  arranged 
similarly  to  the  tensile  results  in  Figures  20  and  21.  The  average 
energy  absorbed  by.  specimens  from  the  top  ends  of  A  rails  of 
similar  steels  is  indicated  on  the  left  of  the  vertical  lines,  repre- 
senting the  various  positions  in  the  rail,  while  for  specimens  from 
the  bottom  ends  the  energy  absorbed  is  indicated  on  the  right 
of  these  lines.     It  is  seen  that  for  silicon-treated  steels  from  po- 
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sitions  1  and  6  at  the  upper  and  lower  portions  of  the  web,  where 
segregation  is  more  pronounced,  more  energy  was  absorbed  by 
specimens  taken  from  the  bottom  ends  of  the  rails  than  by  those 
taken  from  the  top  ends;  whereas  the  specimens  from  the  top 
ends  of  the  titanium-treated  rails  absorbed  the  most  energy. 
This  shows  that  the  titanium  treatment  has,  by  decreasing  the 
segregation,  improved  the  top  end  of  the  A  rails  at  these  points 
and  makes  very  little  change  in  the  ability  of  the  bottom  ends  to 
resist  impact.  The  specimens  from  rail  samples  treated  with 
less  than  10  pounds  of  ferrocarbon-titanium  per  ton  gave  the 
best  values  longitudinally  from  both  the  top  and  bottom  ends  of 
the  rails.  The  higher  values  for  specimens  from  steels  treated 
with  the  smaller  amounts  of  titanium  is  probably  due  to  the 
lower  carbon  content  in  these  rails,  as  was  pointed  out  above 
under  the  head  of  tensile  properties.  The  steel  treated  with  the 
larger  amounts  of  titanium  gave  better  results  in  tests  on  longi- 
tudinal specimens  from  the  middle  and  edges  of  the  head  from 
the  top  ends  of  the  rails  than  the  silicon -treated  steels  and  as 
good  as  the  silicon-treated  steel  from  the  bottom  ends;  whereas 
the  tests  on  specimens  from  position  1 ,  where  negative  segregation 
was  so  prevalent,  gave  poorer  values. 

The  results  of  tests  on  transverse  specimens  from  both  the  top 
and  bottom  ends  of  the  rails,  excepting  the  head  positions  from 
the  top  ends,  gave  poorer  results  for  the  titanium-treated  steel 
than  the  silicon-treated  steels,  indicating  that  the  negative 
segregation  is  as  injurious  to  transverse  impact  resistance  as  the 
average  amount  of  positive  segregation  in  the  silicon-treated 
rails. 

(b)  Stanton. — These  tests  were  made  on  a  Stanton  repeated 
impact  machine  made  by  the  Cambridge  Scientific  Instrument 
Co.,  of  Cambridge,  England.  The  specimens  were  round  bars  of 
one-half  inch  diameter  with  a  45 °  notch  in  the  middle,  having  a 
diameter  of  0.397  inch.  They  were  supported  on  knife  edges 
1 14  mm  (4.488  inches)  apart  and  the  hammer,  weighing  4  pounds, 
fell  from  a  height  of  \%  inches,  striking  across  the  notch  alter- 
nately on  opposite  sides  of  the  specimen  at  a  rate  of  about  100 
blows  per  minute. 

Tests  were  made  only  on  the  rails  used  for  additional  tensile 
and  Izod  tests  or  one  heat  from  each  class  of  steel.  Two  bars 
were  tested  from  samples  from  both  ends  of  these  three  rails. 
These  bars  were  cut  longitudinally  from  the  center  of  the  head 
and  junction  of  the  head  and  web,  respectively.     Figure  22  shows 
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graphically  the  average  number  of  blows  received  by  the  two 
specimens  before  failure  from  the  top  and  bottom  ends  of  the 
rails  from  the  three  types  of  steel.  For  the  rails  treated  with 
titanium  a  greater  number  of  blows  was  required  to  produce 
fractures  in  specimens  from  the  top  ends  than  in  those  from  the 
bottom  ends,  while  for  the  silicon-treated  rails  the  specimens 
from  the  bottom  ends  required  the  greater  number  of  blows  to 
produce  fracture.  The  samples  treated  with  less  than  10  pounds 
of  ferrocarbon-titanium  per  ton,  as  in  the  Izod  tests,  gave  the 
best  results.  This  condition  probably  is  due  to  the  greater 
segregation  in  the  silicon-treated  samples  and  the  negative 
segregation  in  samples  treated  with  more  than  10  pounds  of 
ferrocarbon-titanium  per  ton  and  the  slightly  lower  carbon 
content  in  the  samples  treated  with  less  than  10  pounds  ferro- 
carbon-titanium per  ton. 

6.  ENDURANCE  TESTS. 

These  tests  were  made  with  two  White-Souther  machines 
operating  on  the  rotating  cantilever  beam  principle.  The  test 
specimens  were  cut  longitudinally  from  the  lower  central  part 
of  the  head  near  the  junction  with  the  web  from  each  of  the  top 
end  samples  of  the  A  rails.  Duplicate  results  were  obtained  from 
each  specimen  with  two  exceptions,  both  among  the  titanium- 
treated  rails.  The  test  on  sample  O  was  spoiled  because  the 
power  was  shut  off  from  the  machines  one  night  when  this  test 
was  running  and  the  specimen  became  bent,  since  the  load  was 
not  removed  before  stopping  the  machine.  One  end  of  the  speci- 
men from  sample  W  was  probably  broken  prematurely  by  a 
rough  bearing  in  the  machine,  and  it  gave  such  a  divergent  result 
from  that  of  the  other  end  that  it  is  not  included  in  the  average 
results.  The  tests  were  all  started  with  a  maximum  fiber  stress 
of  42,400  lbs. /in.1',  and  this  was  increased  every  5,000,000 
revolutions  by  about  1,750  lbs./in.2  up  to  51,200  lbs. /in.2 
at  25,000,000  revolutions.  No  test  was  continued  beyond 
30,000,000  revolutions,  and  no  specimens  were  wholly  unbroken 
after  this  number,  although  one  end  of  each  of  two  silicon-treated 
and  two  titanium-treated  specimens  endured  the  full  test  with- 
out failure.  The  average  number  of  revolutions  endured  and 
the  average  of  the  maximum  fiber  stresses  at  the  ends  of  the 
tests  for  specimens  from  rail  samples  of  the  three  types  of  steel 
are  shown  graphically  in  Figure  22,  with  the  Izod  and  Stanton 
impact   results.     These    results   show    a   very    slight   superiority 
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in  endurance  for  the  samples  treated  with  over  10  pounds  of 
ferrocarbon-titanium  per  ton  over  the  silicon-treated  ones,  while 
the  samples  from  rails  treated  with  less  titanium  show  inferior 
endurance.  This  may  be  because  of  their  lower  carbon  content 
and  agrees  with  their  better  showing  in  the  Izod  impact  and 
Stanton  repeated  impact  tests. 

7.  MICROSCOPIC  EXAMINATION. 

The  purpose  of  this  examination  was  to  make  a  comparison 
of  the  number  arid  type  of  inclusions  in  silicon-treated  and  ti- 
tanium-treated A  rails. 

It  has  been  noticed  by  Comstock5  that  in  titanium-treated 
steel  that  the  sulphide  inclusions  were  smaller  and  more  evenly 
distributed,  and  that  steels  so  treated  contained  hard,  pink 
inclusions  which  were  never  found  in  steel  that  had  not  been 
treated  with  titanium.  Comstock,  by  incorporating  compounds 
of  titanium  sulphide,  carbide,  and  nitride  in  samples  of  steel 
that  had  not  been  treated  with  titanium,  concluded  that  the 
pink  inclusions  are  probably  composed  largely  if  not  entirely 
of  titanium  nitride,  since  this  was  the  only  compound  added  that 
produced  these  inclusions.  It  is,  however,  uncertain  whether 
this  compound  is  a  nitride  or  a  cyanide.  Spiegel0  states  that 
copper-colored  cubes  found  in  blast-furnace  "bears,"  which 
simulate  in  appearance  the  pink  inclusions  in  titanium-treated 
steels,  are  a  cyanide  of  the  composition  Tii„C,X8,  and  Stead 7 
states  that  probably  no  blast-furnace  "bears"  are  free  from 
copper-colored  crystals  of  this  composition. 

The  survey  of  the  number  and  type  of  inclusions  was  made  on 
specimens  taken  longitudinally  and  transversely  from  samples  of 
A  rails  treated  with  ferrosilicon  and  different  amounts  of  titanium. 
Care  was  taken  to  choose  a  representative  spot  for  each  micro- 
graph. Figures  23  to  25,  inclusive,  show  the  relative  number  of 
inclusions  in  the  titanium-treated  and  silicon-treated  rails  in  lon- 
gitudinal and  transverse  sections  and  from  different  positions  in 
the  rail.  The  number  of  inclusions  is  seen  to  be  least  for  the 
silicon-treated  rails  and  increased  with  the  titanium  additions.  In 
rail  sections  Y  and  Z  (figs.  23  to  25,  inclusive),  in  which  only  a 
small  amount  of  titanium  was  retained  in  the  steel,  the  number 
of  inclusions  were  about  equal  to  that  in  the  silicon-treated  steel. 

6  Titanium  nitride  in  steel,  George  F.  Comstock,  Met.  and  Chem.  Eng.,  12,  pp.  577-580;  1914. 

6  L,.  Spiegel,  Nitrogen  and  Its  Compounds,  pp.  732-734. 

'  Blast-furnace  bears,  J.  E.  Stead,  Iron  and  Steel  Inst.,  97,  170;  191S. 
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Fig.  23. — Inclusions  in  cross  sections  from  center  of  head  of  top  ends  of  titanium-treated 
and  silicon-treated  rails.     "X.IOO. 

(a)  Rail  Section  A,  silicon  treated,  (b)  Rail  Section  Y,  8. S3  pounds  F.  C.  T.  per  ton  0.0042  per  cent 
insoluble  titanium  retained,  (c)  Rail  Section  M,  8.68  pounds  F.  C.  T.  per  ton  0.0096  per  cent  insoluble 
titanium  retained,  (d)  Rail  Section  Q,  12.00  pounds  F.  C.  T.  per  ton  0.0226  per  cent  insoluble  titanium 
retained.  It  can  be  seen  that  there  are  more  inclusions  in  the  titanium-treated  than  in  the  silicon-treated 
rails.  Rail  Section  Y  treated  with  the  lower  amount  of  ferrocarbon-titanium,  and  in  which  very  little 
titanium  was  retained  in  the  steel  contains  about  the  same  number  of  inclusions  as  rail  Section  A  not  treated 
with  titanium. 
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Fig.  24. — Inclusions  in  longitudinal  sections  from  center  of  head.      X,ioo. 

(a)  Rail  Section  A,  silicon  treated.  (6)  Rail  Section  V,  8.83  pounds  F.  C.  T.  per  ton  0.0042  per  cent 
insoluble  titanium  retained,  (c)  Rail  Section  M,  8.68  pounds  F.  C.  T.  per  ton.  0.0096  per  cent  insoluble 
titanium  retained,  (d)  Rail  Section  Q,  12.00  pounds  F.  C.  T.  per  ton  0.0226  per  cent  insoluble  titanium 
retained. 
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Fig.  25. — Cross  section  from  web   of  top  ends  of  titanium-treated  and  silicon-treated 

rails.     X 100. 

(a)  Rail  Section  G,  silicon  treated.  (6)  Rail  Section  K,  8.63  pounds  F.  C.  T.  per  ton  0.0086  per  cent 
insoluble  titanium  retained,  (r)  Rail  Section  S,  10.5  pounds  F.  C.  T.  per  ton  0.0233  per  cent  insoluble 
titanium  retained.  There  are  more  inclusions  in  the  web  than  in  the  head  of  the  rail.  Silicon-treated  rail 
Section  G,  which  was  segregated  in  the  web,  did  not  contain  any  more  inclusions  than  titanium-treated 
rail  Section  S,  which  was  not  segregated. 
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The  distribution  of  the  inclusions  through  the  head  of  both 
types  of  rails  was  fairly  uniform.  Increases  in  the  number  of 
inclusions  in  segregated  spots,  such  as  were  indicated  by  the  sul- 
phur prints,  although  present,  were  not  very  conspicuous.  For 
instance,  there  was  no  particularly  noticeable  variation  in  the 
number  of  inclusions  along  the  lengths  of  the  specimens  which 
passed  transversely  through  the  centers  of  the  heads  of  the  rails 
to  the  sides  of  the  heads;  also  there  was  no  marked  increase  in 
the  numbers  of  inclusions  at  the  junctions  of  the  head  and  web. 
In  the  webs,  however,  the  number  of  inclusions  was  very  much 
greater  in  both  the  silicon  and  titanium  treated  rails  (compare 
figs.  23  and  25).  It  is  perhaps  worthy  of  mention  that  rail  section 
G,  silicon  treated,  which  was  segregated  in  the  web,  did  not  con- 
tain any  more  inclusions  in  the  web  than  rail  section  S,  titanium 
treated,  which  was  not  segregated  (see  fig.  25).  There  did  not 
seem  to  be  any  pronounced  difference  between  the  top  and  bottom 
ends  of  the  rails  in  regard  to  the  number  of  inclusions. 

The  increase  in  the  number  of  inclusions  with  titanium  treat- 
ment appears  to  be  due,  in  large  measure,  to  the  curious  effect 
titanium  has  of  breaking  up  and  scattering  the  manganese  sul- 
phide which  composes  the  majority  of  the  inclusions  in  steel. 
Thus,  in  a  titanium-treated  steel  a  large  number  of  small  sulphide 
inclusions  are  found,  while  in  silicon-treated  steel  the  inclusions 
are  larger  and  fewer  in  number  (see  fig.  26) .  This  effect  has  been 
described  before.8  It  was  noticed  also  in  the  examination  that 
the  sulphide  inclusions  in  titanium- treated  steel  were  associated 
with  the  titanium  inclusions;  that  is,  very  often  the  sulphide 
inclusions  would  have  titanium  inclusions  inside  of  or  beside  them 
(see  fig.  27  c).  Another  reason  for  the  increased  number  of  inclu- 
sions resulting  from  titanium  treatment  is  that  the  titanium  inclu- 
sions themselves  were  found  to  be  far  more  numerous  than  the 
silicate  inclusions,  which  may  be  considered  as  due  to  the  ferro- 
silican  deoxidizer. 

It  should  be  noted  (see  micrographs  of  longitudinal  sections, 
fig.  24)  that,  although  titanium  breaks  up  and  scatters  the  sul- 
phide inclusions,  the  effects  are  not  so  widespread  as  to  distribute 
the  inclusions  evenly  throughout.  The  streaks  or  threads  of  in- 
clusions in  the  longitudinal  sections  were  present  in  both  the 
titanium- treated  and  silicon-treated  steels.  These  streaks  shown 
in  the  micrographs  are  somewhat  distinct  from  the  larger  streaks 

8  See  footnote  5,  p.  625. 


630  Technologic  Papers  of  the  Bureau  of  Standards.  ivoi.17 

brought  out  by  deep  etching.  They  are  a  result  of  secondary  or 
microsegregation  in  the  dentritic  crystals  of  the  ingot,  while  the 
large  streaks  revealed  by  deep  etching  result  from  the  primary  or 
gross  segregation. 

The  titanium  inclusions  were  of  two  types,  orange  and  violet,  of 
lighter  and  darker  shades  (see  fig.  27).  They  were  generally  very 
small,  and  even  the  largest  of  them  were  magnified  to  appreciable 
size  only  at  500  diameters.  The  orange  ones  in  cross  section  were 
always  square  or  sharp  cornered,  and  so  were  some  of  the  violet 
inclusions,  which  were  often  found  very  near  to  the  orange  inclu- 
sions or  even  superimposed  upon  them.  There  were  other  violet- 
colored  inclusions  which  were  rounded  in  shape.  The  angular 
inclusions,  both  of  the  orange  and  violet  varieties,  usually  showed 
considerable  pitting  on  polishing.  The  round  violet  inclusions 
polished  smoothly,  however.  The  orange  inclusions  were  so  char- 
acteristic in  color  that  they  were  very  easily  identified.  The 
violet  ones  also  could  be  recognized  without  difficulty,  although 
there  is  a  possibility  of  confusing  them  with  the  silicate  inclusions 
wrhich  are  of  a  grayish  purple  color.  However,  there  were  fewer 
in  number  of  the  silicate  inclusions,  and  usually  they  contained 
white,  needle-like  crystals  by  which  they  could  be  distinguished 
from  the  violet  inclusions  (see  fig.  27  d).  In  the  steels  treated 
with  the  lower  amounts  of  titanium  there  were  very  few  of  the 
orange  inclusions,  whereas  they  were  quite  numerous  in  the  steels 
treated  with  the  higher  amounts.  The  number  of  violet  inclu- 
sions in  the  steel  treated  with  the  lower  and  higher  amounts  of 
titanium  were  about  equal.  In  the  steels  treated  with  the  higher 
amounts  of  titanium  there  were  approximately  twice  as  many 
orange  inclusions  as  violet  inclusions. 

It  was  found  on  analysis  for  gases  that  in  the  steels  treated  with 
the  lower  amounts  of  titanium  containing  the  violet  inclusions 
the  nitrogen  combined  with  the  iron  and  manganese  was  still  quite 
high,  and  that  the  steels  treated  with  higher  amounts  of  titanium, 
containing  the  orange  inclusion  also,  the  nitrogen  remaining  in 
combination  with  the  iron  and  manganese  was  very  low.  It 
seems,  therefore,  very  probable  that  the  difference  in  shape  and 
polishing  characteristics  between  the  square  and  the  round  violet 
inclusions  indicates  a  difference  in  compositions.  The  square 
violet  inclusions,  so  intimately  associated  with  the  orange  inclu- 
sions and  so  similar  in  shape  and  polishing  characteristics,  are 
possibly  a  lower  nitrogen  compound  of  titanium.     The  round 
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Fig.  26. — Comparative  size  of  manganese  sulphide  inclusions  in  titanium-treated  and 
silicon-treated  steels.     X.500. 

(a)  Large  sulphide  inclusions  in  cross  section  of  silicon-treated  steel.  (6)  Smaller  sulphide  inclusions  in 
titanium-treated  steel.  Cross  section.  (<-)  Silicon-treated  steel.  Longitudinal  section.  (</)  Titanium- 
treated  steel.     Longitudinal  section. 

The  inclusions  indictead  by  arrows  are  compounds  of  nitrogen  and  titanium.  The  rest  are  sulphide 
inclusions. 
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Fig.  27. — Types  of  inclusions  in  titanium-treated  rails. 

(a)  1,  Orange  inclusions  of  nitrogen  compound  of  titanium;  2,  violet  titanium  inclusion.  Of  the  violet 
inclusions,  some  were  angular  and  others  were  rounded  in  shape.  It  appeared  probable  that  the  angular 
violet  inclusions  were  of  a  lower  nitrogen  compound  of  titanium  and  the  orange  inclusions  of  higher  nitrogen 
compound  of  titanium,  while  the  rounded  violet  inclusions  were,  perhaps,  a  titanium  oxide;  3,  a  group  of 
broken  up  sulphide  inclusions,  characteristic  of  the  titanium-treated  rails.  (6)  Rounded  violet  inclusions 
and  a  square  violet  inclusion,  (c)  Violet  inclusion  surrounded  by  sulphide,  (d)  Silicate  inclusion.  It 
can  be  distinguished  from  the  violet-titanium  inclusions  by  the  white  needle-like  interior  markings. 
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violet  inclusions  appear  to  be  some  other  compound,  perhaps 
titanium  oxide,  which,  if  it  is  not  reducible  under  the  conditions 
of  the  vacuum  fusion  method  of  analyses — namelv,  at  1,450°  C.  in 
contact  with  graphite — may  explain  the  immediate  and  appre- 
ciable drop  found  by  oxygen  analysis  in  the  amounts  of  oxides 
reducible  by  carbon  in  steels  treated  with  the  lower  amounts  of 
titanium.  This  conclusion  seems  in  harmony  with  the  results 
of  the  gas  analyses.     (See  III,  1  d.) 

The  probable  reactions  of  titanium  may  be  summarized  as 
follows:  A  certain  large  proportion  of  the  titanium  used  slags 
out  either  after  combining  with  the  gases  in  the  steel  or  as  a  loss. 
With  the  use  of  the  lower  amounts  of  ferrocarbon  titanium  (8  to 
10  pounds  per  ton)  there  is  only  a  small  amount  of  titanium 
retained  in  the  steel,  largely  in  the  form  of  round  violet  inclusions, 
possibly  of  titanium  oxide,  and  some  of  the  square  violet  inclu- 
sions probably  of  a  lower  nitrogen  compound  of  titanium.  With 
the  use  of  the  higher  amounts  of  ferrocarbon  titanium  (10  to  12 
pounds  per  ton)  a  relatively  much  larger  amount  of  titanium  is 
retained  in  the  steel.  This  is  present  in  the  form  of  similar  violet 
inclusions  and,  in  addition,  in  the  form  of  orange  inclusions  prob- 
ably of  a  titanium  compound  higher  in  nitrogen  than  the  square 
violet  inclusions.  It  seems  as  if  the  violet  inclusions  are  the  first 
to  form,  and  then,  if  there  is  an  excess  of  titanium,  the  orange 
inclusions  appear.  Apparently  a  large  part  of  the  nitrogen 
removed  by  the  titanium  from  the  iron  in  the  steel  is  combined 
in  the  orange  inclusions.  The  effect  of  titanium  in  breaking  up 
the  sulphide  inclusions  depends,  according  to  reasons  given,  on 
the  retention  of  titanium  in  the  steel.  This  effect  on  the  sulphide 
inclusions  is  hardly  noticeable  in  rail  sections  Y  and  Z,  in  which 
very  little  titanium  was  retained. 

IV.  SUMMARY  AND  CONCLUSIONS. 

A  cooperative  investigation  with  the  Titanium  Alloy  Manu- 
facturing Co.,  the  Illinois  Central  Railroad  Co.,  the  Illinois  Steel 
Co.,  and  the  Robert  W.  Hunt  Co.  to  study  the  effect  of  titanium 
additions  in  open-hearth  rail  steel  as  compared  with  steel  treated 
with  ferrosilicon  as  a  deoxidizer  has  been  carried  out.  This 
investigation  included  the  following  out  of  the  manufacturing 
processes  of  melting,  teeming,  and  rolling  of  rails  for  20  titanium- 
treated  and  23  silicon-treated  heats;  tests  on  samples  from  the 
top  and  bottom  ends  of  A  rails  from  the  middle  ingots  of  13 
heats  for  chemical    homogeneity,  soundness,  and    uniformity    of 
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mechanical  properties.  The  remaining  portion  of  the  rails  were 
laid  in  the  track  for  service  observations.  Although  it  is  diffi- 
cult to  draw  definite  conclusions  from  the  relative  small  number 
of  tests  on  rails  from  the  various  heats  where  slight  differences  in 
practice  and  chemical  analyses  introduce  variables,  the  results 
point  to  the  following  general  conclusions. 

1 .  A  higher  percentage  of  piped  rails  come  from  titanium  than 
from  silicon  treated  rails,  but  the  time  of  teeming  affects  the  num- 
ber of  pipes.  The  greatest  number  of  pipes  were  in  rails  from 
steel  treated  with  the  smaller  amount  of  ferrocarbon  titanium 
per  ton,  and  variations  in  the  amount  above  this  did  not  seem  to 
affect    the  pipe. 

2.  The  titanium-treated  rails  were  harder  to  break  and  showed 
more  uniform  fractures  in  the  drop  test  than  those  treated  with 
ferrosilicon. 

3.  The  titanium  additions  compared  with  the  silicon  additions 
had  a  marked  effect  in  reducing  the  segregation  of  carbon  at  the 
top  of  the  ingot.  This  improvement  was  approximately  pro- 
portional to  the  titanium  additions,  but  the  effect  falls  off  rapidly 
at  the  bottom  ends  of  the  A  rails. 

4.  Nitrogen  determined  by  the  Allen  method  decreases  as  the 
residual  titanium  in  the  steel  increases.  This  indicates  that  less 
nitrogen  is  combined  with  iron  and  manganese,  not  that  the 
nitrogen  has  been  eliminated,  but  that  it  probably  is  combined 
with  titanium  or  silicon. 

5.  The  addition  of  from  8  to  10  pounds  of  ferrocarbon  titanium 
per  ton  causes  an  immediate  and  appreciable  drop  in  the  amount 
of  oxides  reducible  by  carbon,  while  for  additions  of  more  than 
this  amount  the  oxides  reducible  by  carbon  are  entirely  lacking. 

6.  Titanium  treatment  is  shown  by  sulphur  prints  to  lessen 
segregation  of  sulphur,  particularly  in  the  drop-test  pieces,  and 
in  samples  from  the  top  ends  of  the  A  rails,  where  this  segregation 
is  most  prevalent  in  the  silicon-treated  rails.  This  condition  was 
checked  by  etching  specimens  in  boiling  hydrochloric  acid,  which 
showed  streaks  in  many  of  the  silicon-treated  pieces,  whereas  the 
pieces  treated  with  titanium  remained  practically  free  from 
streaks. 

7.  Rail  sections  from  the  top  of  the  ingots  from  titanium- treated 
heats  were  more  uniform  in  hardness  than  those  from  similar 
positions  in  silicon-treated  heats.  This  effect  had  entirely  dis- 
appeared at  the  bottom  of  the  ingot. 
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8.  The  results  of  tensile,  impact,  and  endurance  tests  did  not 
show  as  much  improvement  from  the  titanium  treatment  as  was 
expected  from  the  decreased  segregation.  There  was  somewhat 
more  uniformity  in  mechanical  properties  at  the  top  ends  of  A 
rails  from  titanium  than  from  silicon  treated  heats.  At  the 
bottom  ends  of  A  rails  not  much  improvement  was  shown  by 
titanium  treatment. 

9.  Steel  treated  with  from  S  to  10  pounds  of  ferrocarbon 
titanium  per  ton  retains  about  19  per  cent  of  the  titanium  and 
steel  treated  with  from  10  to  13  pounds  about  t,t,  per  cent,  whereas 
the  silicon-treated  steel  retains  about  81  per  cent  of  the  silicon. 
The  smaller  amount  of  titanium  remaining  in  the  steel  treated 
with  from  8  to  10  pounds  of  ferrocarbon  titanium  per  ton  is 
retained  in  the  form  of  violet  inclusions,  perhaps  of  titanium  oxide 
and  some  of  a  lower  nitrogen  compound  of  titanium,  and  for  treat- 
ments with  larger  amounts  much  more  titanium  is  retained  as 
similar  violet  inclusions,  and,  in  addition,  in  the  form  of  orange 
inclusions,  probably  a  higher  nitrogen  compound  of  titanium. 

10.  In  the  titanium-treated  steel  the  sulphide  inclusions  were 
more  broken  up  and  scattered  than  in  the  silicon-treated  steel,  and 
this  effect  is  dependent  upon  the  retention  of  titanium  in  the 
steel. 

The  authors  take  pleasure  in  acknowledging  the  effective  coop- 
eration of  G.  F.  Comstock,  of  the  Titanium  Alloy  Manufacturing 
Co.,  in  the  planning  and  execution  of  the  work  as  well  as  in  the 
preparation  of  the  text.  The  authors  are  also  indebted  for  aid 
to  several  members  of  the  staff  of  the  Bureau  of  Standards,  in- 
cluding S.  Epstein  for  microscopic  analysis;  L.  Jordan  for  gas 
analysis;  H.  A.  Bright  for  chemical  analysis;  S.  J.  Rosenberg  for 
assisting  with  tests  and  drawings;  A.  I.  Krynitsky  for  preparing 
etched  samples,  and  H.  J.  French  for  witnessing  manufacturing 
operations. 

Washington,  March  28,  1923. 
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DETECTOR  FOR  WATER  VAPOR  IN  CLOSED  PIPES. 

By  E.  R.  Weaver  and  P.  G.  Ledig. 


ABSTRACT. 

A  new  instrument  for  indicating  the  amount  of  water  vapor  in  a  gas  is  described. 
The  device  is  simple  and  especially  suitable  for  use  in  high-pressure  piping  and  other 
situations  in  which  the  determination  of  water  vapor  is  usually  attended  with  diffi- 
culty. It  also  serves  to  detect  smaller  amounts  of  water  vapor  than  do  most  of  the 
methods  in  common  use. 


The  following  paper  describes  a  simple  device  for  detecting  the 
presence  of  water  vapor,  especially  in  such  locations  as  the  interior 
of  pipes  containing  compressed  gases. 

The  device  was  suggested  by  a  description  of  the  invention  of 
Todd  and  Bousfield  !  for  the  same  purpose.  The  apparatus 
described  in  the  patent  consists  of  two  gauze  electrodes  separated 
by  a  layer  of  granular  calcium  chloride  or  other  hygroscopic  salt 
inclosed  in  a  tube  through  which  the  gas  is  passed.  The  con- 
tents of  the  tube  remain  nonconducting  so  long  as  the  calcium 
chloride  is  dry,  but  in  the  presence  of  much  water  vapor  the 
granules  become  coated  with  a  continuous  film  of  solution  which 
establishes  electrical  connection  between  the  electrodes  and  gives 
an  indication  of  the  moisture  present.  A  somewhat  different 
arrangement  was  used  by  Paul  Anderson,2  who  dipped  the  ends  of 
two  wires  into  the  fused  salt  and  exposed  the  bead  of  adhering 
salt  to  the  gas  to  be  tested.  Two  objections  to  the  above  arrange- 
ments, which  it  seemed  possible  to  overcome,  are  (i)  the  time 
and  the  amount  of  water  required  to  produce  a  definite  effect, 
and  (2)  the  difficulty  of  restoring  the  detector  to  its  original  con- 
dition for  further  testing.  In  addition,  the  device  of  Todd  and 
Bousfield  requires  a  definite  circulation  of  gas  through  the  tube. 

The  above  objections  are  largely  eliminated  in  the  present 
apparatus,  represented  in  Figure  1,  which  is  made  of  a  piece  of 
straight  glass  tubing  sealed  at  one  end.  Near  the  closed  end  two 
platinum  wires  are  sealed  through  the  glass  and  fused  against 
the  outer  surface  of  the  tube,  which  is  then  frosted  with  a  paste 

1  Todd  and  Bousfield,  Brit.  Pat.  137547  of  1920. 

2  Anderson.    J.  Chem.  Soc.,  121,  pp.  1153-1161;  1922. 
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of  barium  sulphate  and  ammonium  fluoride.  The  ends  of  the 
platinum  wires  inside  the  tube  are  soldered  or  fused  to  copper 
leads.  The  outside  of  the  cell  is  carefully  platinized  by  applying  a 
colloidal  solution  of  platinic  chloride  in  lavender  oil,  as  described 
by  McKelvy  and  Taylor.3  This  process  is  repeated  until  the  layer 
of  platinum  is  entirely  smooth  and  continuous,  care  being  taken 
that  the  platinized  surface  is  in  good  contact  with  the  electrode 
wires.  The  tube  is  then  coated  with  paraffin  and  a  line  etched 
around  it  between   the   two   electrodes  with   hydrofluoric   acid; 

this  breaks  the  continuity  of  the 
platinum  surface.  On  this  narrow 
surface  of  separation,  and  extend- 
ing over  the  platinized  electrode 
surfaces  on  both  sides  is  painted  a 
dilute  solution  of  some  hygro- 
scopic electrolyte.  In  order  to  pre- 
vent motion  which  might  break 
the  leads,  and  at  the  same  time  to 
assure  good  insulation,  it  is  well 
to  fill  the  tube  with  melted  par- 
affin and  allow  it  to  solidify. 

The  tube  is  then  mounted  in 
any  suitable  way  (by  passing 
through  a  paraffined  cork  stop- 
per for  ordinary  laboratory  work 
at  atmospheric  pressure)  with  the 
prepared  end  of  the  tube  ex- 
posed to  the  gas  to  be  tested. 
The  resistance  to  an  alternating 
current  of  the  film  bridging  the  "scratch"  between  the  electrodes 
is  determined  in  any  suitable  way  and  is  a  measure  of  the  con- 
centration of  water  vapor  present. 

For  the  purpose  of  studying  the  device  in  the  laboratory,  such 
a  detector  was  used  in  the  manner  shown  in  Figure  2.  The 
detector  was  mounted  in  a  tube  of  slightly  larger  diameter,  through 
which  the  gas  to  be  tested  could  be  streamed,  and  set  up  either  in 
a  constant-temperature  bath  or  in  the  open  air  of  the  room.  The 
electrical  circuits  are  shown  diagrammatically  in  the  figure.  The 
detector  formed  one  arm  of  a  Wheatstone  bridge  employing  15- 
volt,  60-cycle  alternating  current,  and  an  alternating-current  gal- 
vanometer in  the  measuring  circuit.     The  alternating-current  gal- 
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Fig.  i. — Detector  for  water  vapor. 

The  size  of  the  tube  is  of  little  consequence. 
Those  employed  in  the  laboratory  have  usually 
been  made  from  tubes  of  any  convenient  length, 
having  about  8  mm  outside  and  5  mm  inside 
diameter. 


*  McKelvy  and  Taylor.    J.  Am.  Chem.  Soc,  42,  p.  1366;  1920. 
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vanometer  used,  when  connected  to  a  source  of  no- volt  alter- 
nating current,  supplies  15  volts  (or  lower  potentials)  directly 
from  a  "drop  coil." 

The  detector  was  exposed  to  atmospheres  of  known  moisture 
content  by  bubbling  air  through  sulphuric-acid  solutions  of  vari- 
ous concentrations.  The  solutions  were  made  by  diluting  ordi- 
nary C.  P.  sulphuric  acid  with  distilled  water,  were  cooled  to  200  C, 
their  density  determined  by  the  use  of  hydrometers,  giving  read- 
ings accurate  to  the  third  decimal  place,  and  the  percentage  of 
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Fig.  2. — Simple  arrangement  of  apparatus  for  laboratory  study. 

acid  taken  from  the  density  table  in  Bureau  of  Standards  Cir- 
cular No.   19. 

The  water-vapor  pressures  of  the  solutions  were  obtained  from 
the  data  of  Regnault.4  The  air  was  saturated  to  the  water- 
vapor  pressure  of  the  solutions  by  bubbling  it  through  them 
in  a  Greiner-Friedrich  spiral  wash  bottle;  it  was  then  passed 
directly  to  the  tube  containing  the  detector. 

The  first  work  with  a  detector  of  this  form  was  done  in  191 9. 
Two  hygroscopic  substances  were  used — phosphoric  acid  and 
rubidium  carbonate — the  latter  being  employed  because  it  would 
not  be  greatly  affected  by  traces  of  either  carbon  dioxide  or 


4  Regnault.    Ann.  Chim.  Phys.  (3),  15,  p.  179;  1845;  via  Landolt  Bornstein  Tabellen. 
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ammonia.  It  was  at  first  hoped  that  the  method  could  be  made 
accurately  quantitative.  When  it  became  certain  that  this  could 
not  be  done  the  work  was  abandoned,  but  one  of  the  detectors, 
with  a  coating  of  phosphoric  acid,  was  left  in  place  in  the  tube  in 
which  the  test  wyas  made  and  stored  in  the  laboratory  for  a  period 
of  three  years.  The  gas  inlet  and  outlet  were  open  to  the  air 
during  that  time.  Because  of  recent  inquiries  from  different 
sources  for  a  means  of  detecting  moisture,  particularly  in  gases 
compressed  for  liquefaction,  it  seemed  worth  while  to  renew  the 
investigation  of  this  detector.  Without  renewing  the  original 
phosphoric-acid  coating,  the  detector,  which  had  been  stored  for 
three  years,  was  tried  and  found  to  be  as  sensitive  as  ever.  This 
is  excellent  evidence  for  the  reliability  of  the  device  as  a  detector 
of  unusual  and  undesirable  operating  conditions,  which  will 
probably  be  its  principal  use. 

In  addition  to  phosphoric  acid  and  rubidium  carbonate,  sul- 
phuric acid,  a  mixture  of  sulphuric  and  phosphoric  acids,  calcium 
cholride  and  sodium  and  potassium  hydroxides  have  been  tried 
as  hygroscopic  electrolytes,  using  the  same  detector  tubes. 

When  renewing  or  changing  a  coating  of  electrolyte,  the  de- 
tector tube  was  first  carefully  washed  and  dried.  A  thin  gelatin 
solution  of  about  the  consistency  of  good  ink  was  prepared,  and 
to  it  enough  of  the  hygroscopic  electrolyte  added  to  make  approx- 
imately a  1  per  cent  solution.  This  solution  was  applied  to  the 
surface  of  separation  between  the  electrodes  with  the  tip  of  a 
camel 's-hair  brush  barely  moistened  with  the  solution,  and 
quickly  dried  by  passing  dry  air  over  it. 

The  attempts  to  use  the  alkaline  hydroxides  as  hygroscopic 
coatings  were  not  a  success,  because  the  resistances  of  the  films 
never  approached  equilibrium  but  continually  increased.  This 
is  believed  to  have  been  caused  by  a  small  amount  of  carbon 
dioxide  (or  possibly  other  acid  vapors  from  the  sulphuric  acid) 
which  remained  in  the  air  stream  in  spite  of  some  effort  to  elimi- 
nate it. 

With  any  one  electrolyte  the  resistance  of  the  detector  can,  of 
course,  be  varied  over  a  wide  range  by  changing  the  strength  and 
amount  of  the  solution  applied.  The  relative  resistances,  when 
in  equilibrium  with  atmospheres  of  different  humidities,  are 
reasonably  independent  of  the  amount  of  electrolyte  in  the  film 
and  dependent  only  upon  the  hygroscopic  substance  used.  How 
closely  this  relation  applies  is  indicated  by  Figure  3,  which  shows 
the  observed  resistances  of  two  coatings  of  sulphuric  acid.     One 
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had  13.5  times  the  resistance  of  the  other.  The  upper  curve  is 
drawn  through  the  points  representing  the  observed  resistances 
of  the  thinner  coating.  The  lower  curve  is  then  drawn  1.3  di- 
visions on  the  log  scale  (log  13.5  =  1.3)  below  the  upper  one.  The 
circles  near  the  lower  curve  represent  observed  data  on  the  thicker 
coating  and  indicate  the  close  agreement  with  the  rule  stated. 

Figure  4  shows  the  resistance  curves  for  films  of  sulphuric  acid, 
phosphoric  acid,  and  a  mixture  of  sulphuric  and  phosphoric  acids 
containing  about  equal  weights  of  each.     This  mixture  was  pre- 





^  <? 


fiorf/a/  Pressure   of  r/zO  (mm  Hq) 
Fig.  3. — Resistances  of  sulphuric  acid  films  in  equilibrium  with  atmospheres  of  different 

humidities  at  22°  C. 

pared  in  the  hope  of  extending  the  range  within  which  a  given 
film  could  be  used  for  semiquantitative  work.  The  rate  at  which 
changes  of  resistance  take  place  when  the  humidity  of  the  atmos- 
phere is  changed  depend  greatly  upon  the  thickness  of  the  hygro- 
scopic film.  The  behavior  in  this  respect  of  the  3-year-old  phos- 
phoric-acid coating  is  shown  in  Figure  5.  The  readings  were 
made  by  two  observers,  one  of  whom  observed  resistances  while 
the  other  noted  the  stop  watch  and  recorded  readings.  In  the 
middle  range  of  resistances  about  two  hours  was  required  to  so 
nearly  attain  equilibrium  that  no  further  change  of  resistance 
could  be  noted  by  the  rather  sensitive  method  of  measurement 
employed,  but  the  change  which  took  place  after  the  first  five 
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minutes  had  little  practical  significance.  On  changing  from  an 
atmosphere  containing  about  0.9  per  cent  of  water  vapor  to  a  dry 
atmosphere,  the  resistance  increased  about  100-fold  in  the  first 
minute.  On  changing  back  to  the  former  atmosphere,  the 
resistance  decreased  to  about  one  seven-hundredth  of  its  maxi- 
mum value  in  one  minute.  The  resistance  changes  of  the  sul- 
phuric-acid film  represented  in  Figure  4  were  even  more  rapid. 

Probably  the  greatest  drawback  to  the  extensive  use  of  the 
detector  for  quantitative  work  is  the  narrow  range  of  high  sensi- 
tivity for  any  one  substance — o.  1-5  mm  of  water- vapor  pressure 
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Fig.  4. — Resistances  of  films  of  sulphuric  acid,  phosphoric  acid,  and  mixed  sulphuric 
and  phosphoric  acids  at  22°  C. 

for  sulphuric  acid,  2-10  mm  for  phosporic  acid,  and  even  narrower 
ranges  for  salts,  like  rubidium  carbonate  and  calcium  chloride. 
The  sensitive  range  of  rubidium  carbonate  is  slightly  higher 
than  that  of  phosphoric  acid  (it  was  not  very  accurately  deter- 
mined) ;  that  of  calcium  chloride  is  in  the  neighborhood  of  15  mm. 
It  was  found  to  be  impossible  to  let  a  film  come  to  equilibrium 
with  an  atmosphere  containing  much  water  and  to  subsequently 
reproduce  the  resistance  readings  earlier  obtained  at  low  humid- 
ities. In  every  case,  the  resistance  increased  under  such  condi- 
tions. It  appears  probable  that  the  electrolyte  flows  off  the  sur- 
face of  the  cell  when  it  is  allowed  to  absorb  too  much  water; 
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but  if  the  coating  is  kept  dry,  or  not  far  from  its  sensitive  range 
resistance  readings  are  quite  uniform  and  reproducible. 

Another  important  disadvantage  of  the  detector  is  the  large 
effect  of  temperature.  In  the  case  of  phosphoric  acid  and  the 
hygroscopic  salts,  an  increase  of  temperature  expels  water  from 
the  film  and  greatly  increases  its  resistance.  With  sulphuric-acid 
films,  the  effect  of  temperature  upon  the  composition  of  the  film 
and  the  resistivity  of  a  solution  of  given  composition  are  more 
nearly  balanced  and  the  resultant  coefficient  is  not  nearly  so  great. 
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Fig.  5. — Rate  of  change  of  resistance  following  a  sudden  change  of  atmosphere. 

The  curves  for  sulphuric  and  phosphoric  acids  in  Figure  4  can 
be  used  in  connection  with  a  single  determination  of  resistance 
at  known  humidity  to  establish  a  calibration  curve  for  any  de- 
tector using  the  same  compounds  at  about  the  same  temperature, 
220  C.  If,  for  example,  a  detector  with  a  sulphuric-acid  film 
which  showed  a  resistance  R  in  an  atmosphere  known  to  have 
a  water- vapor  pressure  of  5  mm  shows  a  resistance  of  10  R  when 
placed  in  a  pipe  line,  it  can  be  at  once  seen  from  the  curve  that 
the  pressure  of  the  water  vapor  in  the  pipe  must  be  about  1 . 1  mm. 
A  resistance  of  100  R  would  correspond  to  a  vapor  pressure  of 
0.1  mm. 

In  case  such  a  detector  is  used  regularly,  it  should  be  checked 
with  reasonable  frequency  by  exposing  it  to  an  atmosphere  of 
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known  humidity.  It  is  especially  necessary  to  make  this  check 
after  the  detector  is  known  to  have  been  in  an  atmosphere  of 
unusually  high  humidity.  The  coating  should  be  replaced  when- 
ever there  is  reason  to  suspect  that  appreciable  chemical  change 
has  taken  place  or  when  the  resistance  is  no  longer  in  the  most 
easily  measurable  range. 

Figure  6  is  a  photograph  of  a  detector  prepared  for  insertion  into 
a  pipe  line  at  high  pressure.  The  glass  tube  is  platinized  and 
soldered  into  the  steel  bushing  by  the  method  described  by 
McKelvy  and  Taylor.5 

If  the  same  device  were  combined  with  means  for  regulating 
and  measuring  temperature,  it  could  certainly  be  used  for  fairly 
accurate  quantitative  work  at  any  range  of  humidity  by  selecting 
the  proper  electrolyte.  If,  for  example,  an  entirely  nonhygro- 
scopic  salt  of  slight  solubility  were  used  for  coating  and  the  resist- 
ance always  brought  to  a  definite  value  by  changing  the  tempera- 
ture, the  apparatus  would  be  practically  a  dew-point  apparatus 
of  small  size  on  which  the  first  trace  of  condensation  would  be 
detected  by  a  much  more  sensitive  and  generally  applicable 
method  than  direct  vision.  In  this  form,  the  apparatus  could  be 
located  at  a  place  inaccessible  for  visual  observation  and  its  indi- 
cations recorded  electrically  if  desired. 

SUMMARY. 

A  simple  device  is  described  for  determining  the  approximate 
concentration  of  water  vapor  in  a  gas.  A  glass  tube  is  coated 
with  platinum  and  the  coating  divided  by  etching  into  two  elec- 
trodes. Platinum  wires  sealed  through  the  glass  connect  the 
electrodes  to  a  measuring  circuit.  The  resistance  to  alternating 
current  of  a  thin  film  of  a  hygroscopic  electrolyte  bridging  the 
gap  between  the  electrodes  is  used  as  the  measure  of  the  water 
vapor  in  the  atmosphere  with  which  the  film  is  in  contact.  Sul- 
phuric and  phosphoric  acids  and  various  hygroscopic  salts  can 
be  used  in  forming  the  conducting  film.  The  detector  is  simple, 
rugged,  and  easily  adapted  for  use  in  high-pressure  piping  and 
other  situations  in  which  the  determination  of  water  vapor  is 
usually  attended  with  difficulty. 

Laboratory  experiments  showing  the  reliability,  method  of 
application,  and  limitations  of  the  device  are  described. 

Washington,  February  24,  1923. 

5  J.  Am.  Chem.  Soc,  42,  p.  1366;  1920. 
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Fig.   6. — Detector  in  bushing  ready  for  insertion  i)ito 
high-pressure  piping. 


STRESSES  IN  A  FEW  WELDED  AND  RIVETED  TANKS 
TESTED  UNDER  HYDROSTATIC  PRESSURE. 

By  A.  H.  Stang  and  T.  W.  Greene. 


ABSTRACT. 

For  the  purpose  of  ascertaining  the  relative  merits  of  riveted  as  compared  with 
electric-welded  tanks,  four  steel  tanks,  4  feet  in  diameter  and  10  feet  long,  made 
of  -j^-inch  mild  steel  plates,  were  tested  under  hydrostatic  pressure.  Two  of  the 
tanks  were  butt  welded,  and  one  was  lap  welded,  and  the  fourth  was  of  the  ordinary 
lap-riveted  construction.  The  ends  of  the  tanks  were  spherical,  having  a  radius  of 
4  feet.  Strain-gauge  measurements  were  made  at  different  pressures  and  the  stress 
distribution  and  stress  pressure  relationship  obtained.  The  results  of  the  hydro- 
static tests  proved  rather  unsatisfactory  for  comparing  the  relative  strengths  of  the 
different  types,  because  of  secondary  failures. 

For  thin  tanks,  the  measured  stresses,  based  upon  the  two  dimensional  formulas 
for  longitudinal  as  well  as  transverse  stress  in  the  tanks,  are  in  close  agreement  with 
the  design  stresses  computed  by  the  common-pressure  formulas,  provided  the  former 
are  not  affected  by  secondary  causes.  Secondary  stresses,  which  resulted  in  high- 
stress  intensity  and  produced  failure  in  each  case,  were  caused  by  (a)  faulty  design 
of  the  attachment  of  the  spherical  end  to  the  cylindrical  shell,  (b)  nonconformity  of 
the  shell  to  an  accurate  circular  section,  and  (c)  discontinuities  in  the  shell  for  the 
manhole  and  fittings. 


CONTENTS. 

Page. 

I .    Introduction 646 

II.    Description  of  the  tanks 646 

1.  General  construction  and  workmanship 646 

2.  Special  features 648 

3 .  Material 648 

III.    Test  procedure 649 

1 .  General 649 

2.  Location  and  designation  of  strain-gauge  lines 649 

3.  Deformation  and  strain-gauge  measurements 649 

4.  Description  of  the  tests 650 

(a)  Air-pressure  test 650 

(b)  Hydrostatic  test 650 

(c)  Impact  test 650 

IV.    Theoretical  stresses 650 

1 .  Stress  and  strain  in  the  cylindrical  shell 650 

2.  Stress  and  strain  in  the  spherical  ends 651 

3.  Effect  of  local  bending  in  the  shell 652 

V.    Test  results  and  discussion 652 

1 .  Method  of  presentation  of  test  data 652 

045 


646  Technologic  Papers  of  the  Bureau  of  Standards.  [Vol  17 

V .    Test  results  and  discussion — Continued.  Page. 

2 .  Stresses  in  the  shell 655 

(a)  Longitudinal  stresses 655 

(b)  Transverse  stresses 656 

(c)  Diagonal  stresses 658 

(d)  Stresses  around  the  manhole 658 

(e)  Deformation  of  the  shell 659 

3 .  Stresses  in  the  end 659 

4.  Deformation  of  the  ends  and  its  effect  upon  the  portions  of  the 

shell  and  end  adjacent  to  their  junction 661 

5 .  Impact  tests 664 

6.  Failure  of  the  tanks  imder  hydrostatic  pressure 664 

VI.    Summary- 665 

1.  Deformations  and  stresses 665 

2.  Mechanical  details  and  recommendations 666 

I.  INTRODUCTION. 

Oxyacetylene  welding  and  electric-arc  welding  have  constantly 
found  new  fields  of  application.  Among  them  has  been  the  con- 
struction of  tanks,  pipe  lines,  and  penstocks.  Up  to  the  present 
time,  the  larger  number  of  pipe  lines  and  penstocks  of  steel  has 
been  of  riveted  construction.  For  the  purpose  of  ascertaining  the 
relative  merits  of  riveted  as  compared  with  welded  pipes,  the 
Riter-Conley  Co.,  a  subsidiary  of  the  McClintic  Marshall  Co., 
designed  and  constructed  four  steel  tanks  for  test,  as  this  seemed 
to  be  the  most  convenient  form  in  which  to  test  the  desired  pen- 
stock construction.  The  tests  also  offered  an  opportunity  for 
studying  the  stress  distribution  in  the  tanks  subjected  to  internal 

pressure. 

II.  DESCRIPTION  OF  THE  TANKS. 

1.  GENERAL  CONSTRUCTION  AND  WORKMANSHIP. 

Four  tanks  were  tested.  Two  of  them  (Nos.  9  and  10)  were  butt 
welded,  one  (No.  11)  was  lap  welded,  and  the  fourth  (No.  12)  was 
of  the  usual  lap-riveted  construction.  Except  where  differences  in 
construction  made  changes  necessary,  the  tanks  were  identical. 
They  had  an  internal  diameter  of  4  feet  and  a  length  of  about  10 
feet  2  inches.  The  ends  were  spherical,  being  formed  to  an  in- 
ternal radius  of  4  feet.  The  tanks  were  made  of  TVinch  mild- 
steel  plates,  and  were  designed  for  a  working  pressure  of  200 
lbs. /in.2  with  a  stress  of  16,000  lbs./in.2 

Figure  2  shows  the  dimensions,  general  construction,  location  of 
the  transverse  and  longitudinal  joints,  and  of  the  tank  fittings. 
The  manhole  saddle  was  welded  both  inside  and  out,  while  the 
flanges  were  welded  to  the  shell  on  the  outside  and  only  "tack" 
welded  in  four  places  on  the  inside. 
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FlG.  3. — "  Square  "  group  of  strain-gauge  lines  on  the  shell. 


Fig.  4. — Location  of  gauge  lines  on  the  end  of  a  tank. 
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The  tanks  were  carefully  made,  the  plates  showing  few  depres- 
sions and  the  ends  only  minor  refitting.  The  inside  of  butt-weld 
tank  No.  10  showed  poor  penetration  of  the  weld  in  a  number  of 
places.  Apparently,  also,  there  were  "cold  shuts"  or  laps  in  the 
seams.  Several  of  these  leaked  under  pressure.  This  would  not 
have  occurred  if  the  weld  had  been  well  made.  In  calking  the 
riveted  tank  slight  injury  was  done  to  the  plates  by  undercutting. 

2.  SPECIAL  FEATURES. 

For  butt  welding  the  plates  were  scarfed  to  form  a  900  single 
V  and  welded  from  the  outside.  A  double  row  of  staggered 
Y% -inch  rivets  was  used  on  the  longitudinal  seam  of  tank  No.  12 
and  a  single  row  on  each  of  the  end  seams.  The  plate  was  bevel 
sheared  at  all  the  seams  and  calked  on  the  outside. 

3.  MATERIAL. 

Tensile  tests  were  made  of  specimens  cut  from  each  of  the  plates 
used  for  the  construction  of  the  tanks.  Results  of  the  tests  are 
given  in  Table  1.  Table  2  shows  the  results  of  comparative  tests 
made  on  two  welded  and  one  plain  specimen.  The  specimens  were 
all  j^  inch  thick  by  iK  inches  wide  with  an  8-inch  gauge  length. 
For  the  welded  coupons  the  sectional  area  of  the  unwelded  portion 
was  used  in  computing  the  strength.  Comparative  tests  showed 
that  the  tensile  strength  was  not  greatly  affected  by  the  presence  of 
welds,  but  the  elongations  of  welded  specimens  was  lower. 

TABLE  1.— Tensile  Test  of  Specimens  Cut  From  Tank  Plates. 


Tank  number. 


Sam- 
ples. 


Yield 
point. 


Tensile 
strength. 


Elonga-  Reduc- 
tion in  8  tion  of 
inches.        area. 


9,  butt  weld.. 

10,  butt  weld. 

11,  lap  weld.. 

12,  riveted 


Average. 


No. 
18 
18 
12 
18 


Lb.  /in.2 
38, 440 
38,210 
39, 460 
37, 660 


Lb.  /in.2 
58, 690 
60,  840 
58  760 
57,  210 


Per  cent. 
30.2 
29.7 
30.5 
31.1 


Per  cent. 
54.1 
51.5 
50.7 
53.1 


38,  400 


58,  900 


30.4 


52.3 


TABLE  2.— Tensile  Test  of  Welded  Tank  Plate. 

Specimen  number. 

Kind  of  weld. 

Yield 
point. 

Tensile 
strength. 

Elonga- 
tion in  8 
inches. 

Reduc- 
tion of 
area. 

1 

None 

Lb.  /in.2 
33,  900 

39,  800 

40,  200 

Lb.  /in.2 
56, 600 
57,  750 
55, 200 

Per  cent. 
32.5 
27.9 

Per  cent. 
56.7 

2 

Butt                                                             

54.3 

3 

Note. — Specimen  Xo.  2  broke  outside  the  weld ;  specimen  No.  3  broke  through  the  weld. 
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III.  TEST  PROCEDURE. 

1.  GENERAL. 

It  was  decided  to  measure  the  strains  and  deformations  of  the 
cylindrical  shell  and  spherical  end  for  50  lbs./in.2  increments  of 
pressure  until  the  tank  failed.  At  a  pressure  of  300  lbs./in.2,  50 
per  cent  in  excess  of  the  design  pressure,  an  impact  test  was  to  be 
applied  to  all  seams.  The  tanks  were  supported  on  two  cradles 
cut  to  fit  the  shell  and  placed  at  the  quarter  points  in  order  to 
reduce  the  shearing  and  bending  stresses  due  to  the  weight  of  the 
water  in  the  tank. 

2.  LOCATION  AND  DESIGNATION  OF  STRAIN-GAUGE  LINES. 

The  gauge  lines  on  the  shell  were  located  in  groups,  as  shown  in 
Figure  3.  The  gauge  lengths  for  these  lines  were  8  inches.  These 
gauge  lines  were  used  for  the  purpose  of  determining  the  variation 
of  stress  over  the  entire  length  of  the  tank,  the  effect  of  joints, 
and  the  effect  of  the  ends  on  the  adjoining  portion  of  the  shell. 
Other  gauge  lines  were  located  around  the  manhole  to  determine 
the  effect  of  discontinuities  in  the  shell. 

The  location  of  gauge  lines  on  the  ends  is  shown  in  Figure  4. 
These  were  of  both  8  and  2  inch  lengths.  Frequently  2-inch 
gauge  lines  were  superimposed  on  the  8-inch  in  order  to  find  the 
local  variations  of  stress.  The  gauge  lines  on  the  end  may  be 
divided  into  two  classes — radial  and  transverse.  It  was  desired 
to  study  the  variation  of  stress  from  the  center  to  the  periphery 
and  along  the  joint  with  the  shell.  The  gauge  lines  near  the  pe- 
riphery were  also  used  to  study  the  effect  of  rapidly  changing 
radius  of  curvature  from  the  spherical  end  of  radius  48  inches  to 
the  cylindrical  shell  of  radius  24  inches. 

The  notation  used  for  the  gauge  lines  was  as  follows:  The  first 
letter  indicates  the  group,  followed  by  a  figure  showing  the  gauge 
length,  either  2  or  8  inches;  the  second  letter  indicates  the  direc- 
tion of  the  gauge  line,  L  longitudinal,  T  transverse,  X  diagonal, 
R  radial.  The  final  figure  specifies  the  particular  gauge  line  of 
the  group. 

3.  DEFORMATION  AND  STRAIN-GAUGE  MEASUREMENTS. 

The  circumference  of  the  shell  at  the  center  was  measured  with 
a  steel  tape  reading  to  0.01  foot,  and  by  estimation  to  0.001  foot. 
To  measure  the  deformation  of  the  shell  and  of  the  end,  two 
wooden  frames  were  held  by  pivots  to  the  shell  as  shown  in  Figure 
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1.  On  these  were  reference  lines  from  which  measurements  were 
made  to  the  surface  of  the  tank  by  means  of  a  scale  reading  to 
0.01  inch. 

A  2  and  an  8  inch  strain  gauge  were  used  for  measuring  the 
deformations  on  the  various  gauge  lines.  Check  readings  were 
taken  at  each  increment  of  pressure  between  a  standard  bar  and 
the  various  gauge  lines  until  the  variation  was  less  than  0.00005 
inch  per  inch  for  the  2-inch  gauge  lines  and  0.0000125  inch  per 
inch  for  the  8 -inch  lines. 

4.  DESCRIPTION  OF  THE  TESTS. 

(a)  Air-PressurE  Test. — Previous  to  the  hydrostatic  test  the 
tanks  were  tested  under  an  air  pressure  of  50  lbs. /in.2,  a  soap  solu- 
tion being  used  to  detect  leaks.  All  the  tanks,  except  tank  No. 
10,  leaked  in  at  least  three  or  four  places  and  were  caulked  with 
center  punches. 

(6)  Hydrostatic  Test. — After  subjecting  the  tank  to  the  air- 
pressure  test  it  was  filled  with  water,  care  being  taken  that  no 
air  was  trapped  in  the  tank.  The  initial  deformation  and  strain- 
gauge  readings  were  then  taken.  To  produce  the  desired  pres- 
sure a  hand  pump,  having  a  capacity  of  about  i}4  gallons  per 
minute,  was  used.  The  pressure  was  read  to  the  nearest  5  lbs. /in.2 
on  a  pressure  gauge.  The  pressure  was  applied  in  increments  of 
50  lbs. /in.2  and  readings  taken  for  each  increment. 

(c)  Impact  Test. — The  impact  test  was  made  at  a  pressure  of 
300  lbs./in.2  It  consisted  in  striking  alternately  on  each  side  of 
the  seam  with  a  10-pound  sledge  hammer  having  a  2%-ioot  handle. 
Sharp  blows  were  struck  at  the  rate  of  about  60  per  minute, 
causing  a  vibratory  action  of  the  plate  adjacent  to  the  weld. 

IV.  THEORETICAL  STRESSES. 

1.  stress  and  strain  in  the  cylindrical  shell. 

According  to  the  common  approximate  theory  for  thin  cylinders 
under  internal  pressure  the  shell  may  be  considered  as  subjected 
to  three  kinds  of  stresses — one  transverse,  tending  to  cause  rup- 
ture along  an  element  of  the  cylinder;  another  longitudinal, 
tending  to  cause  rupture  circumferentially ;  and  a  third  radial,  due 
to  the  difference  of  internal  and  external  pressures.  The  radial 
stresses  were  negligible  since  the  pressure  differences  were  rela- 
tively small. 
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The  first  two  may  be  found  from  the  common  design  formulas 

£r=^andSt  =  ^ 

2t  4i 

in  which  5  is  the  stress,  p  pressure,  d  diameter,  and  t  the  thickness 
of  the  shell.  The  stresses  thus  computed  for  these  tanks  for 
pressures  up  to  450  lbs. /in.2  are  given  as  "design"  stresses  in  the 
various  tables. 

The  transverse  stress  is  twice  the  longitudinal,  but  this  ratio 
does  not  exist  between  the  strains  because  the  principal  stresses 
and  principal  strains  are  related  by  the  following  equations  : 

_  St     Sl  +  Sr 
T~E        ME~ 

_  jl     Sr  +  St 

<<       Sr     St  +  Sl1 
6r  = ■ 

E  ME 
in  which  er,  ez,  and  eR  are  the  transverse,  longitudinal,  and 
radial  strains,  respectively,  and  St,  Sl,  and  SR  the  corresponding 
stresses.  E  is  Young's  modulus  and  i/M  is  Poisson's  ratio. 
Assuming  that  SR  is  zero  and  i/M  =  i/3,  and  expressing  the 
stresses  in  terms  of  strains,  there  results 

lE 

SL  =  ^-(seT  +  eT) 

The  stresses  in  the  diagonals  may  be  found  from  the  formula 

Sx  =  ^exE 
2 

where  ex  is  the  average  strain  for  two  diagonal  gauge  lines  which 
bisect  each  other  at  right  angles. 

2.  STRESS  AND  STRAIN  IN  THE  SPHERICAL  ENDS. 

The  stress  in  the  spherical  end  was  computed  by  the  design 
formula 

2t 

where  p  is  pressure  in  pounds  per  square  inch,  R  radius  of  the  end 
in  inches,  and  t  the  thickness  of  the  wall  in  inches. 

1  Morley's  "Strength  of  materials"  art.  19,  p.  2s. 

55706°— 23 2 
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The  stresses  in  the  spherical  end  may  be  found  by  the  same  two 
dimensional  formulas  as  for  the  shell,  viz, 

S  =  ^eE 

2 

since  the  stress  and,  therefore,  the  strain  is  theoretically  independ- 
ent of  direction. 

3.  EFFECT  OF  LOCAL  BENDING  IN  THE  SHELL. 

If  a  tank  is  not  accurately  formed,  it  will  tend  to  become  more 
nearly  circular  in  section  as  the  pressure  is  being  increased.  The 
resulting  additional  stresses  may  be  found  approximately  by 
formula 


s=e<(f£f 


in  which  E  is  the  modulus  of  elasticity,  c  the  distance  from  the 
neutral  axis  to  the  extreme  fiber,  Ro  and  R  initial  and  final  radius 
of  curvature.  The  computation  shows  that  for  the  tanks  tested 
a  change  in  the  radius  of  curvature  of  only  0.12  inch,  which  is 
one-half  per  cent  of  the  design  radius,  would  be  sufficient  to 
introduce  an  additional  stress  of  about  1,000  lbs. /in.2 

Rough  measurements  showed  that  the  deviation  from  the  aver- 
age radius  may  be  as  large  as  1  inch  without  being  noticeable  to 
the  eye.  A  maximum  deviation  of  1.2  inches  was  found  in  one 
of  the  tanks.  According  to  the  above  formula  a  change  in  radius 
of  this  amount  would  mean  an  additional  stress  of  about  10,000 
lbs. /in.2  As  the  pressure  tended  to  iron  out  these  irregularities 
of  the  shell,  a  bending  moment  would  be  produced  which  would 
influence  the  magnitude  of  the  stresses  and  might  amount  to 
several  thousand  lbs. /in.2 

V.  TEST  RESULTS  AND  DISCUSSION. 
1.  METHOD  OF  PRESENTATION  OF  TEST  DATA. 

The  results  of  the  tests  are  given  in  Tables  3  to  10,  and  shown 
graphically  in  Figures  5  to  10.  These  tables  and  curves  do  not 
cover  all  the  observations  made,  but  are  considered  as  typical  of 
the  stress  distribution  in  these  tanks. 

In  order  to  express  the  relationship  between  pressure  and 
deformation  of  the  tank  in  terms  generally  employed  in  engineer- 
ing practice,  the  measured  strains  in  any  direction  have  been 
multiplied  by  the  value  of  Young's  modulus.  This  product  e  E 
is  defined  as  an  "apparent"  stress  and  denoted  by  the  symbol  S'. 


2Morley's  "Strength  of  materials"  art.  129,  p.  376. 
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In  the  curves,  only  the  apparent  stress  values  have  been  plotted, 
calculated  by  the  formula 

S'=eE 

where  S'  is  the  apparent  stress,  pounds  per  square  inch,  e  is  the 
measured  strain,  inches  per  inch,  and  E  is  the  modulus  of  elas- 
ticity, a  value  of  29,000,000  lbs. /in.2  having  been  used  throughout. 
As  the  stresses  in  the  tanks  are  not  simple  but  are  the  resultant  of 
essentially  two  principal  stresses,  it  is  not  to  be  expected  that 
the  apparent  stress  obtained  by  this  formula  will  check  with  the 
stress  value  which  has  been  computed  from  the  hydrostatic 
pressure.  The  apparent  stresses  will,  however;  show  the  varia- 
tions of  the  strain  on  the  various  gauge  lines,  and  give  values  from 
which  the  relative  distribution  of  strain  can  be  ascertained. 

In  all  cases,  except  where  the  strains  are  of  different  sign,  the 
two-dimensional  formulas 

Sx=§E(3ex+;eY) 

will  give  higher  values  of  stress  than  the  formula  S'  =  e  E.  In 
those  cases  where  the  strain  is  approaching  the  yield  point  of  the 
material  this  formula  will  indicate  stresses  which  are  higher  than 
the  yield  point  as  determined  by  ordinary  tensile  test.  This 
might  be  considered  as  an  indication  that  the  maximum  strain 
rather  than  the  maximum  stress  determined  the  yield  point  of  the 
material.  If  so,  the  strains  and  not  the  stresses  should  be  rep- 
resented in  the  results.  But  such  a  method  of  presentation  is 
inconvenient.  An  engineer  is  accustomed  to  think  of  a  structural 
material  in  terms  of  stress  and  not  of  strain,  the  determination  of 
which  is  usually  considered  as  a  means  of  finding  the  stress. 
Moreover  the  stresses  calculated  by  the  formula 

might  give  an  erroneous  impression  regarding  the  safety,  which 
would  appear  to  be  lower  than  it  is  actually. 

In  order  to  reconcile  these  two  requirements,  to  represent  the 
stressed  condition  of  the  tanks  in  familiar  terms  and  at  the  same 
time  to  give  a  correct  idea  of  their  safety  it  was  decided  to  use  the 
apparent  stress  in  the  graphs  and  tables.  In  some  of  the  tables, 
however,  the  stresses  have  also  been  computed  by  the  two 
dimensional  formulas  in  order  to  compare  these  values  with  the 
design  values. 
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Fig.   5. — Typical  pressure  stress  curves  for  gauge  lines  on  the  shell.     (Tank  Xo.  9.) 
+  Tension.      —  Compression.     . .  Design  stress  (tension). 
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2.  STRESSES  IN  THE  SHELL. 

(a)  Longitudinal  Stresses. — Figure  5  shows  typical  pressure- 
stress  curves  for  gauge  lines  on  the  shell  of  tank  No.  9.  Figure  6 
shows  the  variation  of  longitudinal  stress  along  the  tank  for  the 
groups  of  8-inch  gauge  lengths  located  on  the  longitudinal  seam. 
Values  are  plotted  only  for  tanks  Nos.  9  and  11,  since  the  400 
lbs. /in.2  pressure  was  not  reached  on  the  other  two  tanks.  In 
all  cases  the  maximum  .stress  was  found  in  the  gauge  lines  close  to 
the  ends,  and  in  all  cases  this  stress  far  exceeded  its  design  value. 
This  phenomenon  was  found  to  be  due  to  the  deformation  of  the 
shell  at  its  junction  with  the  spherical  end,  which  will  be  dis- 
cussed later. 


c    ZOOM 


M 

rr 

tint 

it 

1 1, 

/'<; 

in 

r 

4=* 

~- 

ej.\ 

— -1 

iS:s. 

*A- 

1 

' 

Tan 

•r  II 

1 

\ 

\ 

\ 

fi 

Ff 

$u 

tfi 

\ 

an 

It/ 

fM 

\ 

J 

\ 

\ 

\ 

\ 

' 

\ 

Tj 

IKS 

1 

v$. 

=  s'iq 

■7  St 

-Pi 

\ 

•. 

— 

A  '' 

-— 1 

_  ._-=  ^  ££  !lg£  *"e» 


i-~»   Welded  Joint 

Fig.  6. —  Variation  of  longitudinal  stresses  along  the  tank.     Groups  located  on   seams. 

It  will  be  noticed  that  for  tank  No.  9  the  stresses  at  the  center 
of  the  tank  were  much  higher  than  at  the  quarter  point.  This 
was  due  to  the  presence  of  the  transverse  seam  at  the  middle  of 
the  tank.  For  tank  No.  11,  which  had  no  such  transverse  seam, 
the  stress  at  the  center  was  the  same  as  at  the  quarter  point. 

The  longitudinal  stresses  in  the  groups  on  the  shell,  which  are 
not  influenced  by  location  near  a  seam,  are  given  in  Table  3  (a). 
Both  the  apparent  and  two-dimensional  measured  stresses  are 
given,  together  with  the  design  stress  for  the  various  pressures. 
The  apparent  stresses  are  in  all  cases  less  than  the  two-dimensional 
stresses  and  in  all  but  one  case  very  much  less  than  the  design 
stress.  The  two-dimensional  stresses  were  in  closer  agreement 
with  the  design  stresses,  the  average  ratio  of  the  two-dimensional 
stresses  for  the  four  tanks  to  the  design  stresses  being  0.99. 
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TABLE  3. — Stresses  in  Groups  on  the  Shell  Not  Influenced  by  Location  Near  a  Seam. 

[All  groups  at  quarter  points.] 
(a)  LONGITUDINAL  STRESS. 


Hydro- 
static 
pressure. 


Design 

stress. 


Averaged  measured  stress. 


Tank  9, 
group  K. 


Tank  10, 
group  G. 


Tank  11, 
group  G. 


Tank  12,     Tank  9, 
group  G.    group  K. 


Tank  10, 
group  G. 


Tank  11, 
group  G. 


Tank  12, 
group  G. 


Pounds  per  square  inch. 


5l  4< 

■SV" 

ei,E 

Sl-«/b  E  (3^+<t) 

50 

100 

150 

1,920 
3,840 
5,760 
7,680 
9,600 
11,520 
15,360 

1,400 
4,400 
4,400 
5,400 
6,300 
7,700 
8,300 

500 

1,100 
2,000 
2,500 
2,800 

500 
400 
1,500 
1,600 
1,600 
2,400 
3,400 

900 
1,500 

1,700 
6,200 
7,100 
9,200 
11,300 
15,700 
23, 000 

1,000 
2,400 
5,100 
6,300 
7,600 

1,800 
2,200 
4,800 
6,500 
7,400 
9,800 
15,000 

1,600 
3,100 

200 

250 

300 

400 

(6)  TRANSVERSE  STRESS. 


5t  It 

S\= 

-crE 

St-=3/8  E  (3ft.+«L) 

50 

100 

150 

3,840 
7,680 
11,520 
15, 360 
19, 200 
23,040 
30, 720 

0 

2,900 
5,300 
8,300 
11,200 
18,600 
36, 300 

1,100 
3,100 
7,100 
8,800 
11,600 

3,400 
4,800 
8,500 
12,100 
14, 700 
18, 900 
29, 600 

1,800 
3,900 

600 

4,900 
7,600 
11,400 
15, 100 
23,800 
43,900 

1,400 
3,900 
8,700 
10,900 
14, 100 

4,000 
5,600 
10,100 
14, 200 
17,200 
22, 100 
34,600 

2,400 
4,900 

200 

250 

300 

400 

(c)  DIAGONAL  STRESS. 


5x=- 


St+Sl 


S'x^e-x.E 


Sx=sh.exE 


50.. 
100 
!50 
200 
250 
300 

400 


2,880 
5,760 
8,640 
11,520 
14, 400 
17,280 
23, 040 


4,100 
6,100 
8,400 
10, 200 
12, 300 
15,200 
24,900 


1,500 
3,200 
5,800 
6,400 
8,400 


3,200 
3,200 
5,500 
7,500 
8,700 
11,300 
18, 600 


2,100 
3,600 


6,100 
9,200 
12,600 
15,300 
18,400 
22,800 
37,400 


2,200 
4,800 
8,700 
9,600 
12,600 


4,800 
4,800 
8,300 
11,300 
13, 1C0 
16,900 
27,800 


3,200 
5,400 


(6)  Transverse  Stresses. — The  transverse  stresses  along  the 
tank  for  groups  located  on  a  longitudinal  seam  are  shown  in 
Figure  7.  For  all  tanks,  the  extreme  transverse  gauge  line, 
located  close  to  the  end,  showed  high  compression.  The  reason 
for  this  high  compression  in  these  transverse  gauge  lines  was  the 
same  as  for  the  high  tension  in  the  corresponding  longitudinal 
gauge  lines,  namely,  the  contraction  of  the  diameter  of  the  shell 
at  the  junction  with  spherical  end.  This  effect  is  evidently  only 
local  and  does  not  extend  to  any  considerable  distance  toward  the 
middle  of  the  tank  as  the  gauge  lines  4  inches  away  showed  tension. 
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Transverse  stresses  in  groups  not  influenced  by  the  presence  of 
a  seam  and  located  at  the  quarter  point  of  the  tank  are  given  in 
Table  3(6).  As  with  the  longitudinal  stresses,  there  is  better 
agreement  between  the  two  dimensional  and  the  design  stresses 
than  between  the  apparent  and  the  design  values.  The  two  dimen- 
sional values,  however,  average  about  25  per  cent  less  than  the 
design  stresses  at  the  lower  pressures,  but  are  in  closer  agreement 
at  the  higher  pressures. 

In  order  to  determine  the  effect  of  the  longitudinal  seams  on 
the  stresses  the  transverse  stresses  in  groups  over  a  seam  are 
given  in  Table  4.  Comparing  values  in  Table  4  with  those  in 
Table  3(6)  it  is  seen  that  the  stresses  in  lines  over  a  seam  were 
greater  than  in  those  not  over  a  seam,  the  average  increase  being 
about  30  per  cent. 
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Fig.    7. — Variation  of  transverse  stresses  along   ike  tank.     Groups  located  on  a  seam 


TABLE  4. 

—Transverse  Stresses  in  Groups  on  the  Shell  Over  a  Seam. 

[All  groups  at  quarter  points-1 

Design 

stress 

s  -Pd 

Averaged  measured  stress. 

Hydro- 
static 
pressure. 

ST'=fT  E                                              ST=3/s  E  (3er+«i.). 

Tank  9,     Tank  10,    Tank  11,    Tank  12, 
group  M.   group  M. '  group  M.   group  M. 

Tank  9,  1  Tank  10,    Tank  11,  '  Tank  12, 
group  M.   group  M.   group M.   group  M. 

Pounds  per  square  inch. 


50 
100 

150 
200 

300 

♦od 


3,840 
7,680 
11,520 
15, 360 
19,200 
23, 040 
30, 720 

1,100 

4,800 
4,400 
10,  300 
14,  700 
20,200 
Y.P. 

1,800 
4,300 
7,100 
9,600 
13,100 

3,000 
6,200 
9,500 
13,000 
17, 800 
26,600 
Y.P. 

4,000 
7,800 

2,100 

7,400 

7,500 

14,600 

20,200 

25,900 

Y.P. 

2,700 
6,400 
10,200 
13, 500 
18, 200 

3,800 
7,600 
11,700 
16,000 
21,700 
31,900 
Y.P. 

4,900 
9,500 
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(c)  Diagonal,  Stresses. — Diagonal  stresses  in  groups  not 
located  on  a  seam  are  given  in  Table  3  (c) .  The  average  ratio  of 
the  apparent  to  the  design  stresses  is  about  0.80  and  of  the  two- 
dimensional  to  the  design  value  is  1.18.  In  Figure  5  are  found 
typical  pressure-stress  curves  for  diagonal  lines  at  different  loca- 
tions on  tank  No.  9. 

(d)  Stresses  Around  the  Manhole. — The  observations  of  the 
effect  of  discontinuities  on  the  distribution  of  stresses  were  made 
on  the  riveted  tank  No.  12.  Due  to  the  leaks,  the  pressure  in  it 
could  not  be  raised  above  150  lbs. /in.2  and  the  results  are  thus 
not  complete. 

The  results  of  measurements  were  quite  variable.  The  presence 
of  the  manhole  introduced  a  considerable  disturbing  effect  into 
the  distribution  of  stresses  in  the  shell.  Generally  high  tension 
was  observed  in  the  gauge  lines  in  the  immediate  vicinity  of  the 
manhole,  which  dropped  rapidly  in  both  directions  and  in  some 
cases  passed  into  compression.  During  the  test  it  was  noticed 
that  the  area  of  the  manhole  saddle  did  not  conform  to  the  change 
of  contour  of  the  rest  of  the  tank.  A  bending  moment  was  thus 
produced  at  the  outer  edge  of  the  saddle,  resulting  in  secondary 
stresses  which  probably  accounted  for  the  fact  that  adjacent 
portions  of  shell  were  compressed. 

Maximum  transverse  stress  was  observed  near  the  short  axis  of 
the  manhole,  which  was  parallel  to  the  axis  of  tank,  and  the  maxi- 
mum longitudinal  stress  near  the  long  axis  of  the  manhole.  Table 
5  gives  the  maximum  values  of  the  stresses  near  the  manhole 
and  the  ratios  of  these  stresses  to  the  corresponding  stresses  in 
other  parts  of  the  tank  for  the  pressure  of  100  lbs. /in.2 


TABLE  5. — Comparison  of  Maximum  Apparent  Tensile  Stresses  Around  the  Man- 
hole with  Average  Stresses  at  Other  Points  of  Tank  No.  12  for  a  Pressure  of 
100  lbs./in.2 


Gauge  line. 


Longitudinal. 
Transverse. . . 


A 

Ratio  of  A 

to  average 
apparent 

Ratio  of  A 
to  average 

Maximum 

stress  at 

apparent 

apparent 

a  quarter 

stress  at 

stress 

point  on 

a  quarter 

measured 

a  plain 

point  over 

near 

portion  of 

a  joint. 

manhole. 

the  shell. 

Lbs./in.3 

9,600 

6.4 

5.3 

15, 700 

4.0 

2.0 

Ratio  of  A 
to  average 
apparent 
stress  at 
end  of 
shell. 


1.9 
1  -1.2 


1  For  the  gauge  lines  at  the  extreme  end  showing  compression. 


This  table  shows  that  for  this  tank  the  stresses  around  the  man- 
hole were  the  greatest,  the  effect  of  the  manhole  on  the  longitu- 
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Fig.  9. — Deformation  of  the  end  and  shell  of  tank  No.  9,  due  to  hydrostatic 
pressure,  as  compared  with  tank  No.  12,  which  was  not  permanently 
deformed . 
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dinal  stresses  being  relatively  greater  than  on  transverse  stresses. 
The  last  fact  may  be  explained  by  the  larger  discontinuity  at 
right  angles  to  the  longitudinal  direction. 

Reinforcing  material  at  these  points,  carefully  welded  to  the 
shell,  would  doubtless  reduce  the  stresses  and  add  to  the  strength 
of  the  tank. 

0)  Deformation  of  the  Sheee. — For  tanks  Nos.  9, 10,  and  11, 
at  a  pressure  of  200  lbs. /in.3,  the  average  increase  in  circum- 
ference at  the  middle  of  the  tank  amounted  to  0.076  inch, 
equivalent  to  an  apparent  transverse  tensile  stress  of  14,400 
lbs./in.2  by  the  formula 

S'r  =  eTE 


_J-Wfw|*4» 

1      11 

— 
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■£  aotxio 
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Fig.  8. — Stresses  in  the  spherical  end  of  tank  No.  Q. 

or  17,300  lbs./in.2  by  the  two-dimensional  formula.  This  agrees 
within  the  accuracy  of  the  circumferential  measurements  with 
the  design  stress  as  given  in  Table  3(6). 

At  the  end  of  the  tank  the  diameter  was  contracted  by  the  longi- 
tudinal deformation  caused  by  the  change  in  shape  from  the 
shell  to  the  spherical  ends,  as  shown  in  Figure  9. 

3.  STRESSES  IN  THE  END, 

Figure  8  shows  the  variation  of  stress  for  different  pressures 
on  2  and  8  inch  gauge  lines  located  at  the  center  of  the  spherical 
end  of  tank  No.  9.  In  Table  6  the  average  stresses,  both  apparent 
and  two-dimensional,  for  all  the  tanks  at  the  center  of  the  end 
are  given,  as  well   as   the  average  stresses   in  six  8-inch  gauge 
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lines  located  4  inches  from  the  center.  The  apparent  stresses  are 
lower  than  the  two-dimensional,  the  latter  being  in  very  close 
agreement  with  the  design  values  for  the  entire  range  of  pressure. 
The  average  ratio  is  in  fact  1 .01 . 

TABLE  6.— Average  Stresses  at  Center  of  End  of  Tanks. 

(a)  AVERAGE  STRESS  IN  THREE  8-INCH  GAUGE  LINES  ACROSS  CENTER  OF  END. 


Hydro- 
static 
pres- 
sure. 

Design 
stress 
<,    PR 
6    It 

Averaged  measured  stress. 

&=e  E 

S=32eeE 

Tank  9. 

Tank  10. 

Tank  11. 

Tank  12. 

Tank9. 

Tank  10. 

Tank  11. 

Tank  12. 

Pounds  per  square  inch. 


50. 
100. 
150. 
200. 
250. 
300. 
400. 
450. 


3,840 
7,680 
11,520 
15,360 
19, 200 
23,040 
30, 720 
34,560  I 


2,000 
5,500 
8,100 
10,  400 
13,100 
17,  400 
23, 200 


2,600 
4,900 
8,100 
9,900 
13, 100 


2,300 
5,200 
7,500 
9,000 
12,300 
14,800 
20,900 
22,900 


3,200 
5,200 


3,100 
8,300 
12, 200 
15,700 
19,600 
26, 100 
34,800 


4,000 
7,400 
12,  200 
14,800 
19,600 


3,500 
7,800 
11,300 
13, 500 
18,500 
22,300 
31,300 
34,300 


4,700 
7,800 


(6)  AVERAGE  STRESS  IN  SIX  8-INCH  GAUGE  LINES,  4  INCHES  FROM  CENTER  OF  END. 


50 

100 

150 

200 

250 

300 

400 30,720 

450 34,560 


3,840 
7,680 
11,520 
15,360 
19,200 
23,040 


2,000 
5,500 
7,000 
10,400 
12,800 
16, 000 
21,200 
23, 200 


2,900 
5,200 
8,100 
10,400 
13,300 


2,300 
5,500 
8,100 
10,200 
13, 100 
16,000 
21,500 
23, 500 


2,600 
4,400 


3,100  i 
8,200  I 
10,400 
15,700 
19, 100  ] 
23,900  i. 
31,700  . 
34,800  . 


4,400 

7,800 

12, 200 

15, 700 

20,000 


3,500 
8,200 
12, 200 
15,200 
19, 500 
23,900 
32, 200 
35,200 


3,900 
6,600 


As  the  ends  were  accurately  formed  to  spherical  shape,  and  as 
the  strains  at  the  center  are  least  affected  by  secondary  stresses 
a  closer  agreement  for  these  measurements  was  to  be  expected 
than  for  measurements  made  at  any  other  portions  of  the  tank. 
These  readings  showed  that  in  an  accurately  formed  spherical 
shell  under  internal  pressure  the  stresses  were  equal  in  all  direc- 
tions, and  for  thin  tanks,  such  as  these,  t!he  two-dimensional 
formula  represents  the  actual  stress-strain  relation. 

At  the  periphery  of  the  end  the  transverse  stresses  passed  rapidly 
into  compression,  reaching  the  yield  point  at  very  low  pressures. 
Figure  8  shows  the  variation  of  the  transverse  stresses  from  the 
center  to  the  periphery  of  the  ends  from  measurements  on  8-inch 
gauge  lines  on  tank  No.  9. 
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4.  DEFORMATION  OF  TKE  ENDS  AND  ITS  EFFECT  UPON  THE  PORTIONS 
OF  THE  SHELL  AND  END  ADJACENT  TO  THEIR  JUNCTION. 

At  the  junction  of  the  spherical  end  and  the  cylindrical  shell 
there  was  a  marked  deformation  under  hydrostatic  pressure,  as 
shown  in  Figure  9.  Figure  10  shows  the  radial  measurements  of 
this  deformation  plotted  to  an  exaggerated  scale.  These  meas- 
urements show  that  the  greatest  effect  in  deforming  the  tank 
was  in  the  neighborhood  of  the  junction  and  a  minimum  at  the 
center.     The  center  of  the  ends  protruded  to  quite  an  extent, 
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Fig.   10. — Radial  deformation  of  spherical  end  of  tank  No.  Q  plotted  to   an  exaggerated 

scale. 

although  the  radius  of  curvature  did  not  appreciably  change. 
Near  the  junction  the  change  in  form  was  very  pronounced. 

There  is  a  sharp  change  of  curvature  where  the  spherical  end 
joins  the  cylindrical  shell.  The  forces  which  represent  the  action 
of  the  end  on  the  shell  are  not  directed  along  the  elements  of  the 
cylinder,  but  at  an  angle  to  it,  and  this  must  result  in  the  con- 
traction of  the  adjoining  portion  of  the  shell  and  of  the  end  itself. 
The  result  of  this  deformation  was  compression  in  the  transverse 
direction  in  this  portion  of  the  tank  with  a  resultant  abnormal 
increase  in  the  longitudinal  and  radial  tensile  stresses. 
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In  order  to  determine  the  magnitude  of  the  transverse  stresses 
adjacent  to  the  junction,  a  special  series  of  measurements  was 
made  on  2 -inch  gauge  lines  1  inch  apart  on  tank  No.  9  located  on 
the  shell  and  end.  The  results  of  the  measurements  are  given 
in  Table  7.  It  will  be  seen  that  the  yield  point  in  compression 
had  been  reached  at  the  very  low  pressure  of  100  lbs./in.2,  or  less 
than  one-half  the  working  pressure,  for  those  gauge  lines  nearest 

the  junction.  As  the  distance 
from  the  junction  increased,  the 
yield  point  was  reached  at  slightly 
higher  pressures.  This  compres- 
sive effect  extended  for  several 
inches  toward  the  center  of  the 
end,  being  sufficient  to  reduce  the 
tensile  stresses  in  the  gauge  line 
5  V2  inches  away  to  compression, 
and  causing  the  material  there  to 
reach  the  yield  point  in  compres- 
sion at  a  pressure  of  450  lbs./in.2 
This  compressive  effect  was  more 
pronounced  and  extended  to  a 
Fig.  n.-Locatior.  of  special  2-inch  trans-  greater  distance  on  the  end  than 

verse  gauge  lines  near  junction.  On  the  Shell. 


/ 


+  '*  „ 
+2fc„ 


TABLE  7. — Transverse  Stresses  in  Tank  No.  9  Near  Junction  of  Cylindrical  Shell 

and  Spherical  End. 


Apparent  stress  S't=«t  E. 

Hydro- 
static 
pressure. 

Distance  from  junction  (inches.)    (See  fig 

.  11.) 

-3J 

-2i 

-li 

-J 

+  * 

+  ii 

+2J 

+3i 

+4§ 

+5J 

Pounds  per  square  inch. 

50 

+4,400 
+8,  700 
+7,300 
0 
-5, 200 
-4,  800 
-26, 100 
-29,000 

-3,500 
-33,900 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

-4,900 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

-9,600 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

-4.400 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

-4,600 
-32, 800 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

-1,700 
-20,600 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

-2,300 
-9,  300 
-20, 300 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 
-Y.P. 

+  3,800 
0 
+  600 
-13, 100 
-36,300 
-Y.P. 
-Y.P. 
-Y.P. 

+6,400 

100 

150 

200 

250 

300 

400. 

450 

+6,  400 
+  11,900 
+6,  400 
-1,700 
-8, 100 
-34.200 
-Y.P. 

Note. 1-  indicates  tension;   —  indicates  compression;  Y.  P.  indicates  that  metal  has  reached  its  yield 

point. 

The  effect  of  this  deformation  on  the  transverse  and  longitudinal 
stresses  in  the  shell  is  shown  in  Tables  8  and  9.  It  is  seen  in 
Table  8  that  high  compressive  stresses  were  produced  for  a  dis- 
tance of  over  3  inches  from  the  junction  in  butt- weld  tank  No.  9 
and  that  the  tensile  stresses  in  gauge  lines  \V2  inches  away  were 
much  reduced  in  value.     For  the  lap-weld  tank  No.  11,  the  com- 
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pression  extends  to  less  than  3  inches  from  the  junction.  This  is 
doubtless  due  to  the  fact  that  there  was  a  double  thickness  of  metal 
to  reduce  the  effect  of  the  compressive  forces.  This  would  indicate 
that  these  abnormal  stresses  can  be  reduced  by  the  introduction 
of  extra  metal  for  reenforcement  at  these  junctions. 


TABLE  8. — Transverse  Stresses  in  Cylindrical  Shell  Near 

End. 

Junction  with  Spherical 

Apparent  stress  St'=ct  E. 

Hydrostatic  pressure. 

Distance  from  junction  (inches). 

Butt-weld  tank  No.  9. 

Lap-weld  tank  No.  11. 

1J 

3                 4* 

7 

0 

i 

3                  4* 

Pounds  qer  square  inch. 


50. 

100 
150 
200 
250 
300 
400 


-12,600 

-1,500 

+700 

+2,100 

-5,400 

-6, 200 

+2,100 

— 2C,  300 

-2,200 

+4,400 

+  8.000 

-13,100 

-16,100 

+6, 500 

-37, 300 

-16.300 

+5, 400 

+  13,200 

-31,100 

-22, 500 

+9, 800 

-Y.  P. 

-29,  6C0 
-Y.  P. 

+8, 300 

+  18,500 

-Y.  P. 

-Y.  P. 

+  13,700 

-Y.  P. 

+8, 000 

+  23.400 

-Y.  P. 

-Y.  P. 

+  15,200 
+Y.  P. 

-Y.  P. 

-Y.  P. 

+9, 100 

+31,100 

-Y.  P. 

-Y.  P. 

-Y.  P. 

-Y.  P. 

+  13,400 

+Y.  P. 

-Y.  P. 

-Y.  P. 

+Y.  P. 

+3,300 
+  7,600 
+  13,100 
+  18,700 
+  24,300 
+  29.000 
+Y.P. 


Note. 1-  indicates  tension;  —  indicates  compression;  Y.  P.  indicates  that  the  metal  has  reached  its 

yield  point. 

These  high  compressive  stresses  were  accompanied  by  corre- 
spondingly high  tensile  stresses  in  a  longitudinal  direction.  The 
pressure  which  caused  the  8-inch  longitudinal  gauge  lines  near 
the  end  of  the  shell  to  reach  the  yield  point  in  tension  are  given  in 
Table  9  (a).  Table  9  (b)  shows  these  values  for  the  radial  gauge 
lines  near  the  periphery  of  the  spherical  end. 

TAELE  9. — Pressure  Which  Caused  Gauge  Lines  Near  junction  of  End  and   Shell 
to  Reach  the  Yield  Point  in  Tension. 

(a)  8-INCH  LONGITUDINAL  GAUGE  LINES  NEAR  END  OF  CYLINDRICAL  SHELL. 


Tank  No.  9. 

Tank  No.  10. 

Tank  No.  11. 

Gauge  line. 

Pressure. 

Gauge  line. 

Pressure. 

Gauge  line. 

Pressure. 

J8L1 

Lbs./in.2 
200 
200 
250 
200 
250 
300 

H8L1 

Lbs./in.s 

1250+ (33,300) 
250+ (31,200) 
250+ (26,500) 
250 

250+ (28,600) 
250 

H8L1 

Lbs./in.* 
300 

J8L2     . 

H8L2 

H8L2 

JSL3     . 

H8L3 

H8L3 

300 

N8L1 

N8L1 

N8L1 

300 

N8L2  ... 

N8L2 

N8L2 

250 

N8L3.... 

N8L3 

N8L3 

300 

(6)  2-INCH  RADIAL  GAUGE  LINES  NEAR  PERIPHERY  OF  SPHERICAL  END. 


C2R19 

200 
150 
200 
200 
200 
200 

C2R19 

200 
200 
200 
200 
150 
150 

C2R19 

200 

C2R29... 

C2R29 

C2R29 

250 

C2R39... 

C2R39 

C2R39 

250 

C2R49 

C2R49 

C2R49 

200 

C2R59 

C2R59 

C2R59 

200 

C2R69 

C2R69 

C2R69 

200 

1  Did  not  reach  the  yield  point  with  maximum  pressure  applied, 
the  apparent  stress  (Si.'  =  ei.E)  lbs., in.2  at  the  maximum  pressure. 


The  numbers  in  parentheses  indicate 
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5.  IMPACT  TESTS. 

The  results  of  the  impact  tests  were  indeterminate.  This  test 
was  applied  only  to  the  two  tanks  which  withstood  a  pressure  of 
300  lbs./in.2,  and  neither  tank  failed  under  the  impact  test.  For 
tanks  of  this  size  this  test  is  evidently  of  little  value  for  detecting 
poor  adhesion  or  unsatisfactory  welding. 

6.  FAILURE  OF  THE  TANKS  UNDER  HYDROSTATIC  PRESSURE. 

The  results  of  the  hydrostatic  tests  of  the  tanks  proved  rather 
unsatisfactory  as  a  means  of  comparison  of  the  relative  strengths 
of  the  different  types  of  construction.  Due  to  secondary  failure, 
such  as  leaks  around  the  fittings,  the  possible  strength  of  the 
tanks  was  not  reached. 

Table  10  summarizes  the  data  concerning  the  strength  of  the 
tanks  under  pressure.  Examination  of  these  data  shows  that  all 
the  tanks  except  one  leaked  under  50  lbs./in.2  air  pressure  and 
that,  with  the  exception  of  the  riveted  tank,  these  leaks  were  in 
the  welds  around  the  fittings.  It  is  probable  that  higher  strengths 
would  have  been  obtained  if  the  fittings  had  been  welded  to  the 
shell  both  outside  and  inside. 

Tanks  Nos.  10  and  12  failed  at  about  design  pressure  or  less. 
There  is  little  doubt  that  their  failure  was  due  to  poor  welding 
and  calking.  The  importance  of  complete  and  careful  welding 
about  fittings  will  be  readily  perceived  when  it  is  recognized  that 
the  holes  cut  for  such  fittings  are  points  of  discontinuity  in  stress 
distribution,  and  that  as  a  result  of  such  interference  with  the 
stresses  in  the  plate  excessively  high  stresses  are  developed  in 
the  material  bordering  the  opening.3 

It  will  be  remembered  that  excessively  high  stresses  and  defor- 
mations were  developed  at  the  juncture  of  the  end  and  shell, 
and  these  were  high  enough  to  cause  failure  irrespective  of  work- 
manship. This  deformation  caused  leaks  which  resulted  in  the 
failure  of  the  riveted  tank  No.  12  at  low  pressure. 

3SeeCoker,  E.  G.,  and  Satake,  Y.,  "Effect  of  holes  on  stress  distribution,"  Institution  of  Engineers 
and  Ship  Builders,  Scotland,  Nov.  18,  1919;  also  Engineering,  109,  p.  259,  Feb.  20,  1920. 
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Tests  of  Welded  and  Riveted  Tanks. 
TABLE  10.— Summary  of  Results  of  Hydrostatic  Tests. 
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Location  ot  leaks  at  SO 
lbs./in.-  air  pressure. 

Hydrostatic  pressure  to 
cause  first  leak  (lbs./in.2). 

Failure. 

Tank. 

Maxi- 
mum 
hydro- 
static 
pressure 
(lbs./in.*). 

Location. 

No.    9,    butt 
weld. 

No.    11,    lap 
weld. 

No.   10,  butt 

4  leaks  on  center  transverse 
seam,  calked;  large  leak 
in  2 -inch  pipe  flange  weld, 
calked. 

Leak  in  4-inch  pipe  flange 
weld,    calked;    leak     in 
2-inch  pipe  flange  weld, 
calked;    leak    at    the 
scarfing    at    the    end    of 
longitudinal  weld  at  end 
of  the  tank,  calked. 

No  leaks 

100;    leak    in    2-inch    pipe 
flange   weld,    calked; 
small  leak   at  bottom   of 
tank  at  transverse  weld, 
at  end  of  tank,  calked. 

200;   leak  in  weld   around 
4  and  2-inch  pipe  outlet, 
and  around  manhole, 
calked;  two  leaks  in  end 
transverse  weld,  calked. 

150;   small   leak   in   center 
transverse    seam,    calked 
held  to  250-pound  pressure. 

100;  numerous  leaks  at  end 
transverse  joints. 

1  460 
475 

265 
150 

Weld     around    2- 
Inch  pipe  outlet. 

Weld     around    4- 
inch  pipe   outlet 
and  manhole. 

End  transverse 

weld. 

No.  12,  riveted 
tank. 

3  large  leaks  at  end  trans- 
verse seams,  calked. 

weld. 

End  transverse 
riveted  joints. 

1  Tank  No.  9,  butt  weld,  was  rewelded  at  the  pipe-outlet  flange.  All  other  leaks  were  calked  and  the 
tank  again  tested.  At  a  hydrostatic  pressure  of  503  poimds,  the  tank  failed  by  large  leaks  developing  at 
the  center  transverse  weld. 

VI.  SUMMARY. 

The  results  of  the  analysis  of  the  deformation  and  distribution 
of  stress  in  these  tanks  appear  to  warrant  the  following  general 
conclusions: 

1.  DEFORMATIONS  AND  STRESSES. 

i.  The  commonly  accepted  theory  for  the  design  of  tanks  is, 
for  all  practical  purposes,  sufficiently  accurate,  provided  the 
computed  stresses  are  not  influenced  by  secondary  stresses. 

2.  For  thin  tanks,  the  measured  stresses,  based  upon  the  two- 
dimensional  formula,  are  in  close  agreement  with  the  design 
stresses  computed  by  the  common-pressure  formulas,  provided 
the  former  are  not  affected  by  secondary  causes.  This  is  borne 
out  by  the  results  obtained  at  the  center  of  the  end. 

3.  Secondary  stresses,  resulting  in  high  stress  intensity,  were 
caused  by  (a)  faulty  design  of  the  attachment  of  the  spherical 
end  to  the  cylindrical  shell,  (b)  nonconformity  of  the  shell  to  an 
accurate  circular  section,  and  (c)  discontinuities  in  the  shell  for 
the  manhole  and  fittings.  These  may  produce  a  possibly  dan- 
gerous condition  if  present  near  a  welded  or  riveted  joint  or  seam. 

4.  The  stresses  were  increased  by  the  presence  of  a  seam. 
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2.  MECHANICAL  DETAILS  AND  RECOMMENDATIONS. 

i .  Poor  welding  and  calking  were  responsible  for  the  premature 
failures  of  two  of  the  tanks  tested. 

2.  Failure  of  the  two  remaining  tanks  showed  that  the  attach- 
ments were  not  able  to  withstand  the  high  stresses  caused  by 
cutting  openings  in  the  plate.  The  results  of  these  tests  do  not 
warrant  preference  to  be  given  to  any  one  of  the  tanks. 

3.  With  more  careful  workmanship  these  tanks  can  be  made, 
having  a  factor  of  safety  of  two  or  higher,  for  a  working  stress  of 
16,000  lbs. /in.2  in  the  plate. 

4.  All  welded  tanks  should  be  proof  tested  to  at  least  their  work- 
ing load  and  leaks  repaired  by  cutting  out  the  defective  places  in 
the  seams  and  rewelding.  Where  the  failure  of  a  high-pressure 
tank  would  have  serious  consequences,  such  tanks  should  be  proof 
tested  to  at  least  twice  their  working  pressure. 

5.  The  ends  should  have  a  transition  curve  between  the  spheri- 
cal portion  and  the  shell  or  sufficient  reenforcement  provided  to 
reduce  the  high  stresses.  The  joint  or  seam  uniting  the  end  and 
the  shell  should  be  placed  well  back  on  the  shell,  outside  the  region 
of  bending  caused  by  deformation  of  the  end  under  internal 
pressure. 

Washington,  May  25,  1923. 
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ABSTRACT 

Since  the  color  differences  between  white  papers  are  usually  relatively  small,  it  is 
obvious  that  a  method  capable  of  giving  a  measure  of  these  differences  must  be  quite 
sensitive  to  very  small  color  increments,  and  that  a  method  which  makes  use  of  the 
principle  of  multiple  reflections  will  be  much  more  sensitive  to  small  color  differences 
than  any  method  which  makes  use  of  a  single  reflection.  The  principle  of  multiple 
reflections  is  employed  in  the  Pfimd  colorimeter,  which  colorimeter  was  used  to  meas- 
ure the  color  characteristics  of  21  commercial  papers. 

The  color  characteristics  of  each  paper  were  determined  by  finding  the  coefficients 
of  diffuse  reflection  for  red  (wave  length  625  mju),  green  (wave  length  550  m/x),  and 
blue  (wave  length  460  m^i)  light.  It  was  found  that  none  of  the  papers  tested  was 
truly  white,  but  that  each  was  more  or  less  deficient  in  blue  and  less  so  in  green. 
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I.  INTRODUCTION. 

It  is  common  experience  that  there  is  a  wide  variation  in  the 
color  of  so-called  white  papers.  Any  material  is  commonly  said 
to  be  white  when  it  reflects  all  colors  of  the  spectrum  highly  and 
with  little  selectivity.1  There  are  yellow- white  and  green-white 
(less  common)  papers,  produced  usually  by  insufficient  cooking 
or  insufficient  bleaching,  or  both,  or  by  improper  handling  of  the 
pulp  during  the  bleaching  process.  These  tones  are  most  common 
with  chemical  wood  papers.  There  are  also  red-white  and  blue- 
white  papers,  generally  produced  by  the  addition  of  red  or  blue 
dyes  to  the  furnish  in  the  beater  or  stuff  chests  to  overcome  the 
natural  yellowish  or  greenish  tones  of  the  pulp.     Not  all  red  tones 

2For  a  thorough  discussion  of  light  and  color  see  the  report  of  the  colorimetry  committee  (Leonard  T. 
Troland,  chairman)  of  the  Optical  Society  of  America;  Jour.  Opt.  Soc.  of  Am.  and  Review  of  Scientific 
Instruments,  6,  p.  527;  1922. 
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in  white  papers  are  due  to  the  addition  of  dye,  however,  as  pulp 
from  certain  trees  has  a  natural   and   decidedly  reddish  color. 

White  papers  vary  not  only  in  having  slight  color  differences, 
but  they  vary  considerably  in  the  proportion  of  incident  light 
diffusely  reflected.2  Pulps  and  papers  which  reflect  the  greater 
proportion  of  incident  light  are  said  to  be  more  brilliant,  while 
those  which  reflect  the  least  light  and  have  the  appearance  of 
containing  invisible  dirt  are  called  "dirty  white"  or  gray. 

Because  of  the  variation  of  the  human  eye  in  the  perception  of 
light  and  color,  and  of  the  confusion  of  language  in  describing  the 
colors  perceived,  and  because  of  other  personal  factors  which  can 
not  be  avoided  in  grading  materials  for  color  it  is  desirable  to 
carry  out  all  color  grading  and  measurements  in  some  system 
which  eliminates,  as  far  as  possible,  personal  factors  and  which 
gives  a  numerical  value  to  any  variations  from  a  chosen  standard. 
For  these  reasons  various  representatives  of  the  paper  industry 
have  expressed  a  desire  at  different  times  during  the  past  two  years 
that  the  study  of  the  color  of  white  papers  be  undertaken  by  this 
bureau  and  at  the  same  time  have  offered  their  cooperation  in 
every  way  possible. 

II.  METHODS  AND  RESULTS. 

In  initiating  this  investigation  the  apparatus  used  consisted  of 
an  integrating  sphere  and  a  spectrophotometer.  Illumination  of 
the  sample  was  effected  by  means  of  four  incandescent  lamps 
arranged  symmetrically  around  the  center  of  the  sphere,  which 
was  enameled  white  inside  and  coated  with  magnesium  oxide.  The 
paper  being  investigated  and  a  standard  white  surface  consisting 
of  a  block  of  magnesium  carbonate  were  held  on  the  bottom  of 
the  sphere.  No  direct  rays  of  light  could  reach  the  paper  sample 
or  the  magnesium  carbonate  surface.  Diffused  light  from  the  two 
surfaces  was  reflected  by  a  prism,  placed  on  the  outer  top  surface 
of  the  sphere  into  the  spectrophotometer.  The  upper  half  of  the 
field  of  view  at  the  ocular  slit  of  the  spectrophotometer  was  lighted 
by  reflection  through  the  prism  from  the  standard  surface,  while  the 
lower  half  was  lighted  by  reflection  from  the  sample  being  tested. 
By  rotating  a  screw  to  which  was  fastened  a  drum  bearing  a  wave- 
length scale  the  constant  deviation  prism  of  the  spectrophotometer 
was  so  adjusted  that  any  wave  length  of  the  visible  spectrum 

i  In  all  cases  in  this  investigation  where  reflection  of  light  is  mentioned,  diffuse  reflection  is  to  be  under- 
stood. 
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could  be  brought  into  the  field  of  view.  By  means  of  a  variable 
sector  the  ratio  of  the  quantity  of  light  of  a  given  wave  length 
reflected  by  the  sample  of  paper  to  that  reflected  by  the  magnesium 
carbonate  surface  was  determined  directly.  A  graph  of  the  results 
was  then  plotted,  using  wave  lengths  as  abscissas  and  ratios  as 
ordinates,  which  should  have  given  a  curve  characteristic  of  the 
color  of  the  sample  of  paper  tested. 

While  this  instrument  was  satisfactory,  however,  for  most 
colored  materials,  it  was  not  found  very  satisfactory  for  determina- 
tions of  the  color  characteristics  of  whites  or  near  whites,  because 
the  photometric  error  in  setting  the  sector,  by  which  the  ratio  of 
light  reflected  by  the  two  surfaces  is  determined,  was  often  greater 
than  the  actual  color  differences  between  the  two  surfaces ;  that  is, 
the  departure  from  white  of  most  "white"  papers  is  so  small 
that  this  departure  can  not  be  readilv  measured  by  means  of  an 
instrument  of  this  type. 

After  experimenting  a  short  time  with  this  type  of  colorimeter 
the  writer's  attention  was  called  to  an  instrument  of  quite  different 
type,  designed  and  built  by  A.  H.  Pfund,  of  Johns  Hopkins  Uni- 
versity, for  the  study  of  white  pigments.  An  instrument  of 
this  type  is  being  used  by  the  paint  section  of  the  chemical 
division  of  the  Bureau  of  Standards  for  the  determination  of  the 
color  characteristics  of  white  pigments.  It  was  found  upon 
examination  that  this  colorimeter  could  be  readily  adapted  to 
the  study  of  the  color  characteristics  of  white  papers. 

(1)  The  Pfund  Method. — The  unique  feature  of  this  color- 
imeter is  that  by  its  use  the  color  characteristics  of  a  material  are 
not  determined  from  a  single  reflection  from  the  material  but 
from  several  reflections.  The  advantage  of  multiple  reflections 
over  a  single  reflection  in  problems  of  this  nature  is  stated  by 
Pfund,  as  follows: 3 

If  white  light  be  allowed  to  fall  on  a  surface  that  is  slightly  greenish,  it  is  obvious 
that  the  diffusely  reflected  light  will  contain  an  excess  of  green.  If,  now,  this  light 
be  allowed  to  fall  on  a  second  surface,  identical  with  the  first,  the  light  reflected  will 
be  relatively  still  richer  in  green.  By  allowing,  similarly,  a  third  and  fourth  reflec- 
tion to  take  place  it  is  possible  to  accentuate  the  green  tint  very  pronouncedly.  If 
a  surface  be  truly  white — that  is,  nonselective — multiple  reflections  wi  1  affect  only 
the  intensity  of  the  light,  not  its  spectral  distribution. 

The  construction  of  the  colorimeter  is  shown  in  Figure  1.  L  is 
a    1 00- watt   incandescent   lamp.     A    and   B   are   circular   disks, 

3  "A  new  colorimeter  for  white  pigments  and  some  results  obtained  by  its  use,"  A.  H.  Pfund;  Proc.  Am. 
Soc.  Test.  Materials  20,  (1920),  Pt.  II,  p,  441.  (See  this  article  for  a  complete  description  of  Pfund's  color- 
imeter.) 
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approximately  3f§  and  2%  inches  in  diameter,  respectively,  of 
the  paper  being  investigated.  The  disk  B  has  a  circular  opening 
x/i  inch  in  diameter  cut  in  the  center,  so  that  the  rays  of  light 
reflected  from  A  can  enter  the  optical  cube  P,  by  which  they  are 
reflected  horizontally  into  the  eyepiece  E.  At  the  same  time  a 
beam  of  light  R  from  the  source  L  is  reflected  by  the  glass  disk 
G  (roughly  ground  on  both  sides)  along  the  tube  T,  through  the 
optical  cube  P  and  into  the  eyepiece  E.  The  field  of  view  through 
E  is  divided  horizontally,  and  its  lower  half  is  lighted  by  diffuse 
reflection  from  the  samples  A  and  B.  Connected  with  the  hori- 
zontal axis  of  the  mirror  G  are  a  lever  arm  and  pointer  (not 
shown  in  illustration).  By  means  of  the  lever  arm  the  ground- 
glass  mirror  G  can  be  rotated  about  its  horizontal  axis  so  as  to 


Fig.  i .—Diagrammatic  sketch  of  Pfund's  colorimeter. 

direct  any  proportion  of  its  total  reflection  along  the  tube  T 
and  into  the  eyepiece  E.  The  pointer  moves  along  an  arbitrary 
scale  which  has  been  graduated  in  terms  of  light  intensities. 
The  examination  of  the  paper  for  its  color  properties  is  made 
by  matching  the  two  half  fields  as  they  appear  when  viewed  through 
each  of  three  colored  glasses  when  placed  at  the  point  S  in  the 
eyepiece  tube.  Pfund's  reasons  for  using  colored  glasses  rather 
than  some  other  means  of  controlling  the  wave  lengths  of  light 
for  which  the  two  half  fields  are  matched  are  as  follows:  4 

While  this  colorimeter  lends  itself  admirably  to  the  methods  of  monochromatic 
colorimetry,  this  method  has  not  been  used  because  it  demands  a  standard  source 
of  white  light  and  a  highly  trained  observer.  At  the  present  time  no  such  standard 
source  of  light  has  been  agreed  upon.  It  therefore  seemed  advisable  to  determine 
the  color  characteristics  simply  in  terms  of  the  brightness  for  blue,  green,  and  red 

*  See  footnote  3,  p.  669. 
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light.  Accordingly,  color  screens  of  dominant  hue,  460  ,un  (blue),  550  nn  (green), 
and  625  nn  (red),  were  successively  placed  in  the  eyepiece  tube  of  5  and  photometric 
balances  were  established.  The  readings  thus  obtained  led  eventually  to  a  numeri- 
cal value  of  the  brightness  for  the  above  colors  of  known  wave  length.  These  num- 
bers established  the  color  characteristics  of  the  paper  uniquely  and  standard  samples 
may  therefore  be  discarded. 

(2)  Test  Procedure. — For  the  purpose  of  carrying  out  this 
investigation  21  samples,  including  newsprint,  machine-finished 
printing,  book,  bond,  and  ledger  paper,  were  obtained  from  vari- 
ous sources.  Each  of  these  samples  is  designated  in  Figures  2  to 
6  by  a  number  and  the  class  of  paper  to  which  it  belongs. 

Certain  precautions  must  be  observed  in  preparing  any  samples 
for  tests  of  this  nature.  The  test  samples  were  taken  from  areas 
of  the  sheet  free  from  folds,  wrinkles,  or  surface  dirt.  Care  was 
taken  to  place  the  samples  in  position  in  the  instrument  in  two 
parallel  planes,  but  on  account  of  the  nature  of  paper  this  was 
sometimes  impossible  and  was  probably  the  cause  of  considerable 
variation  at  times  in  the  results  for  the  two  sides  (felt  and  wire) 
of  the  same  paper.  It  was  also  found  very  necessary,  as  might 
have  been  expected,  to  place  a  sufficient  number  of  test  sheets  of 
each  sample  in  the  holders  to  prevent  any  light  from  the  source 
from  passing  through  the  samples  and  being  reflected  back  by  the 
holders,  since  such  a  circumstance  causes  the  sample  to  show  to 
disadvantage  by  giving  too  low  coefficients  of  reflection.5 

After  a  little  experience  one  can  readily  make  settings  on  the 
scale  through  the  red  and  green  filters  with  a  difference  between 
the  maximum  and  minimum  of  5  settings  of  not  more  than  2  or  3 
divisions  on  the  scale,  so  that  the  average  of  the  5  observations  is 
correct  to  about  }4  scale  division  in  extreme  cases,  which  when 
converted  to  coefficient  of  diffuse  reflection  is  correct  to  less  than 
%  unit.  The  settings  through  the  blue  filter,  however,  can 
usually  not  be  made  so  accurately,  and  the  difference  between  the 
maximum  and  minimum  of  5  settings  may  sometimes  be  as  much 
as  5  scale  divisions. 

(3)  Results  of  Tests. — A  graph  is  furnished  with  this  color- 
imeter which  may  be  used  to  convert  the  scale  readings  as  found 
to  coefficients  of  diffuse  reflection.  In  Figures  2  to  6  the  coeffi- 
cients of  diffuse  reflection  form  the  vertical  axes,  while  the  colors 
or  wave  lengths  of  light  for  which  the  papers  were  tested  form  the 
horizontal  axes.  For  laboratory  use,  however,  the  scale  settings 
might  be  used  to  form  the  vertical  axes  instead  of  the  coefficients 

•  By  "coefficient  of  diffuse  reflection"  Pfuud  means  "relative  brightness."    (See  footnote  3,  p.  669.) 
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Fig.  2. — Color  curves  of  various  papers. 
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Fig.  3. — Color  curves  of  various  papers. 
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Fig.  4. — Color  curves  of  various  papers. 
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Fig.  5. — Color  curves  of  various  papers. 
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Fig.  6. — -Color  curves  of  various  papers. 
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of  diffuse  reflection,  since  they  are  of  the  same  order  and  do  not 
differ  greatly  from  the  latter. 

Figures  2  to  6  show  that  of  the  21  papers  examined  all  reflect 
less  blue  light  than  green  or  red  light,  or,  in  other  words,  that  all 
the  papers  are  deficient  in  blue  color.  To  correct  such  deficiency 
it  is  common  manufacturing  practice  to  add  a  small  quantity  of 
a  blue  dye  to  the  furnish  in  the  beater.  The  papers  represented 
by  the  graphs  lying  at  all  points  near  the  parallels  to  the  hori- 
zontal axes,  such  as  82  (fig.  3)  and  81  (fig.  6),  most  nearly  approach 
the  ideal  of  nonselective  reflection,  while  those  papers  represented 
by  graphs,  such  as  62  and  64  (fig.  3),  which  lie  considerably  off 
the  horizontal  position  are  poor  in  the  quality  of  nonselective 
reflection.  The  paper  in  this  series  which  most  nearly  approaches 
the  ideal  of  nonselective  reflection  is  No.  81  (fig.  6),  which  from 
blue  to  red  is  less  than  1  point  off  the  horizontal  position,  while 
the  poorest  papers  in  this  respect  show  a  difference  of  about 
13  points  between  the  blue  and  red  coefficients. 

Another  detail  to  be  noted  in  examining  the  graphs,  such  as 
62  and  76  (fig.  3) ,  is  that  some  lie  relatively  higher  on  the  vertical 
scale  than  others.  This  would  seem  to  indicate  that  the  samples 
vary  considerably  in  relative  brightness  or  in  the  proportion  of 
incident  light  reflected,  the  graphs  highest  on  the  vertical  scale 
representing  papers  which  are  most  brilliant.  No.  69  (fig.  4) 
would  thus  seem  to  be  the  most  brilliant  of  the  21  papers. 

Pfund's  method  for  determining  relative  brightness  is  to  divide 
the  product  of  the  coefficients  of  reflection  for  the  red  and  blue  by 
the  coefficient  for  the  green  light.  In  this  connection,  however, 
the  relation  of  finish  of  the  paper  to  brightness  as  determined  by 
the  Pfund  colorimeter  must  be  taken  into  consideration. 

The  relative  brightness  of  two  or  more  papers  differing  in 
finish  can  not  be  determined,  it  seems,  by  an  instrument  of 
this  type  if  the  degree  of  finish  is  properly  indicated  by  the 
amount  of  light  specularly  reflected  by  the  sample,  as  claimed  by 
the  inventor  of  the  Ingersoll  glarimeter.6  While  the  number  of 
reflections  of  light  from  the  sample  in  the  Pfund  colorimeter 
must  be  at  least  3,  the  number  of  reflections  must  be  some  whole 
number  plus  a  fraction,  as,  for  example,  3.6,  since  only  diffuse 
reflection  from  the  paper  can  be  employed  in  making  color  de- 
terminations.    It  seems  obvious,  then,  that  a  sample  of  paper 

'For  a  description  of  the  Ingersoll  glarimeter  and  the  physical  principles  upon  which  it  is  constructed,  see 
"The  glarimeter:  An  instrument  for  measuring  the  gloss  of  paper,"  by  L.  R.  Ingersoll,  Jour.  Opt.  Soc. 
of  Am.,  May,  1921,  5,  No.  3,  pp.  313-217. 
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whose  diffuse  and  specular  reflecting  powers  are  in  the  ratio  of 
1  to  1  will  not  appear  as  bright  under  the  Pfund  colorimeter  as  a 
sample  of  the  same  color  whose  diffuse  and  specular  reflecting 
powers  are  in  the  ratio  of  2  to  1 . 

While  a  limited  amount  of  thought  and  experimentation  have 
been  given  to  the  relation  existing  between  relative  brightness 
as  determined  by  the  Pfund  colorimeter  and  finish  as  determined 
by  the  Ingersoll  glarimeter,  this  problem  will  require  more  time 
than  can  be  given  to  it  in  this  paper  and  must  be  deferred  to 
some  future  time. 

It  was  thought  advisable  during  this  investigation  to  have 
several  persons  at  this  bureau  who  have  had  experience  in  color 
matching  to  grade  the  2 1  samples  for  color,  the  best  white,  in  the 
estimation  of  each  person,  being  placed  at  the  head  of  the  list, 
the  second  best  white  next,  etc.,  through  the  21  samples.  The 
samples  were  graded  for  color  by  17  individuals,  with  the  results 
as  shown  in  Table  1.  A  glance  at  this  table  will  convince  one 
that  there  is  need  for  some  method  of  grading  which  will  eliminate, 
in  large  measure  at  least,  the  personal  factor  in  such  work.  Two 
columns  of  this  table  have  the  samples  graded  as  to  nonse- 
lective reflection  and  as  to  relative  brightness  as  determined  by 
the  Pfund  colorimeter. 


TABLE  1. — Papers  Arranged  as  Graded  by  Unaided  Eye  Observation. 


Order  in  which  the  21  samples  were  graded  by  the  17  individuals. 
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In  grading  papers  for  whiteness  by  unaided  eye  observation  the 
individual  necessarily  combines  the  relative  brightness  with  the 
selectivity.  In  grading  by  means  of  the  Pfund  colorimeter, 
however,  these  two  factors  must  be  determined  separately.  It 
seems  probable  that  these  two  factors  as  determined  by  the  Pfund 
colorimeter  and  specular  reflection  or  finish  of  the  paper  as  deter- 
mined by  some  reliable  method  could  be  combined  in  such  manner 
as  to  approximate  the  unaided  eye  grading ;  but  until  the  relation 
between  relative  brightness  as  determined  by  the  Pfund  colori- 
meter and  finish  is  determined  it  is  useless  to  attempt  to  deter- 
mine the  relation  between  grading  by  the  Pfund  colorimeter  and 
grading  by  the  unaided  eye. 

III.  CONCLUSION. 

It  may  be  stated  in  conclusion  that  practically  all,  and  perhaps 
absolutely  all,  commercial  white  papers  are  not  really  white,  in 
that  they  do  not  reflect  all  the  components  of  white  light  in  the 
same  ratio,  reflecting  less  blue  light  than  green  and  red  light. 

The  Pfund  colorimeter  offers  a  simple,  rapid,  and  relatively 
accurate  method  for  determining  the  color  characteristics  of  white 
papers,  and  much  closer  grading  of  white  papers  for  color  may  be 
done  with  it  than  with  the  unaided  eye. 

Washington,  August  28,  1923. 


EMBRITTLEMENT    OF    MALLEABLE   CAST   IRON 
RESULTING  FROM  HEAT  TREATMENT. 

By  Leslie  H.  Marshall.1 


ABSTRACT. 

The  investigation  detailed  in  this  paper  has  shown  that  commercial  malleable  cast 
iron  is  embrittled  to  a  greater  or  lesser  degree,  depending  on  the  iron,  by  quenching 
from  certain  temperatures  in  the  "blue-heat"  range,  such  as  are  obtained  in  the  hot- 
dip  galvanizing  process.  This  drop  in  impact  resistance  is  lessened  by  slow  cooling, 
but  is  not  affected  by  subsequent  aging.  The  fundamental  cause  of  this  behavior 
is  not  yet  known.  The  embrittlement  can  be  eliminated,  however,  by  heating  to 
6500  C.  (1,200°  F.)  for  a  few  minutes. 
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I.  INTRODUCTION. 

The  question  of  brittleness  in  ferrous  alloys  has  attracted  con- 
siderable attention  of  late.  This  consideration  is  but  a  natural 
result  of  the  considerable  amount  of  trouble  for  which  this  fault  is 
responsible.  In  fact,  in  one  or  more  of  its  guises,  it  confronts  each 
member  of  the  engineering  profession.  One  recognized  phase  of 
the  problem  that  is  of  great  practical  importance  is  the  phenomenon 
of  brittleness  in  the  blue-heat  range.  Such  weakness  in  iron  and 
low-carbon  steel  has  been  known  for  some  time,  but  the  conse- 
quences of  this  baneful  tendency  have  not  all  been  enumerated. 

1  Metallurgist,  Ohio  Brass  Co.,  Mansfield,  Ohio. 
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A  pertinent  consideration  in  this  connection  may  be  found  in  the 
embrittlement  of  malleable  iron  in  hot-dip  galvanizing. 

It  is  now  well  recognized  that  malleable  iron  sometimes  deterio- 
rates appreciably  when  treated  in  the  hot-dip  process.  Numerous 
references  in  the  literature  2  give  evidence  of  this  fact  and  put 
forward  many  theories  to  explain  such  behavior.  Positive  data 
on  the  subject  were  practically  nonexistent  when  the  present 
investigation  was  started.  Since  that  time,  however,  Bean3  has 
published  specific  information  on  the  problem  of  embrittlement 
in  galvanizing  and  has  pointed  out  the  important  role  played  by 
the  phosphorus  content  of  the  metal.  The  results  presented  here- 
with are  the  findings  of  an  independent  investigation  of  the  same 
problem  attacked  from  a  somewhat  different  viewpoint. 

It  is  interesting  to  note  that  Bean's  results  check  with  those 
obtained  in  the  present  experiments  in  showing  that  the  embrittle- 
ment of  the  iron  is  due  to  the  heat  treatment  incidental  to  the  gal- 
vanizing process  and  is  largely  independent  of  any  other  factor  of 
the  hot-dip  treatment.  Thus  the  malleable  iron  may  be  heated 
in  air,  salt,  or  lead  bath  and  the  same  results  obtained  as  with  a 
zinc  bath. 

This  point  may  be  made  clearer  by  giving  more  details.  The 
hot-dip  galvanizing  process  consists  essentially  of  immersing  the 
castings  to  be  coated  in  molten  zinc  at  440-4800  C.  (825-9000  F.). 
The  pieces  remain  in  this  bath  a  minute  or  more,  or  until  they  have 
reached  the  temperature  of  the  zinc.  They  are  then  removed  and 
quickly  cooled,  usually  by  quenching  in  hot  water.  At  the  outset 
of  this  work  it  was  found  that  the  embrittlement  caused  by  the 
hot-dip  process  could  be  duplicated  by  simply  heating  the  malleable 
iron  to  the  galvanizing  temperature  in  any  medium  and  then 
quenching. 

It  was  evident,  therefore,  that  important  heat-treatment  effects 
are  produced  in  malleable  iron  in  the  blue-heat  range;  that  is, 
about  300-5000  C.  (570-9300  F.).  Such  a  finding  was  naturally 
an  invitation  to  investigate  the  field.  The  interest  in  the  problem 
was  enhanced  by  the  possible  connection  between  this  marked 
deterioration  in  malleable  iron  and  the  more  widely  known  "blue 
brittleness ' '  of  low-carbon  steel.  Since  this  field  of  heat  treatment 
was  comparatively  untouched  for  malleable  iron  only  a  few  phases 
of  the  situation  were  covered  and  are  described  below. 

2  Bean,  Highriter,  and  Davenport,  Foundry,  49  (1921),  p.  557;  Schwartz,  Iron  Trade  Rev.,  69  (1921),  p. 
617;  Touceda,  Trans.  Am.  Soc.  Mech.  Eng.,  41  (1921),  p.  91. 
3Min.  and  Met.,  4  (1925),  p.  86. 
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II.  MATERIAL  AND  TEST. 

Most  of  the  data  recorded  in  this  paper  were  obtained  on  samples 
cut  from  a  single  slab  of  well-graphitized  malleable  iron.  The 
composition  of  this  metal,  as  determined  by  analysis  of  the  an- 
nealed samples,  was  as  follows:  Total  carbon  2.10,  graphitic  car- 
bon 2.00,  silicon  0.80,  phosphorus  0.20,  manganese  0.26,  and  sul- 
phur 0.073  per  cent.  In  each  case  the  outside  skin  of  partly 
decarburized  metal  was  machined  off  the  test  specimens.  This 
procedure  did,  it  is  true,  differentiate  the  experimental  iron  from 
that  found  in  practice,  where  the  outer  skin  adds  somewhat  to 
the  strength  of  the  casting.  •  The  decarburized  zone  varied  in 
depth,  however,  so  its  elimination  seemed  imperative  if  consistent 
results  were  to  be  obtained. 

Having  secured  the  malleable  iron  with  which  to  carry  on  the 
investigation  it  became  necessary  to  choose  a  test  for  measuring 
the  brittleness  of  the  material,  since  this  quality  was  the  one 
that  varied  most  widely.  Brittleness  is  a  somewhat  indefinite 
term,  however,  that  is  difficult  either  to  define  or  measure  accu- 
rately. Nevertheless,  malleable  castings  that  have  become  brittle 
often  evidence  their  poor  quality  in  practice  by  readily  fracturing 
under  a  sharp  blow.  Such  behavior  suggested  the  use  of  the 
impact  test.     The  Izod  type  was  chosen  for  this  work.     Figure  1 
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Fig.  i. — Impact  specimen  used. 

shows  the  type  of  specimen  employed.  Each  specimen  had  three 
notches,  as  illustrated;  thus  three  impact  results  were  obtained 
on  every  sample.  The  machine  and  manipulation  were  normal 
for  this  type  of  test,4  the  specimen  being  clamped  at  one  end 
and  struck  near  the  free  end  by  a  swinging  tup.  By  the  use  of 
a  template  the  center  of  the  notch  was  located  exactly  on  a  level 
with  the  top  of  the  vise  each  time.     This  impact  test  gave  quick, 

1  For  description  of  test  see  Lessells,  Trans.  Am.  Soc  Steel  Treat,  2,  p.  659;  192s. 
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consistent  results,  and  since  malleable  iron  has  relatively  low 
ductility  no  difficulty  was  encountered  from  the  metal  failing 
to  fracture  under  the  blow. 


III.  TREATMENT  IN  THE  BLUE-HEAT  RANGE. 
1.  EMBRITTLEMENT  AND  HEAT  TREATMENT. 

Several  theories  have  been  advanced  to  account  for  the  marked 
deterioration  encountered  in  hot-dip  galvanizing,  but,  as  mentioned 
above,  it  soon  became  evident  that  the  embrittlement  resulted 
from  the  heat  treatment  involved.  Table  i  presents  data  to 
support  this  conclusion.  The  treatment  in  this  case  and  through- 
out the  investigation  was  standardized  in  that  the  specimens 
were  immersed  in  the  molten  bath  at  the  desired  temperature 
and  held  there  three  minutes,  whereupon  they  were  removed  and 
quickly  quenched  in  water  at  80 ±5°  C.  (175  ±9°  F.).  Unless 
otherwise  specified,  a  bath  of  about  100  pounds  of  molten  lead 
was  used  in  heating  the  specimens. 

TABLE  1.— Comparative  Effects  of  Heat  Treatment  and  Galvanizing  on  the  Brittle- 

ness  of  Malleable  Iron. 


Specimen 
number. 


26. 
232. 
251. 

23. 
235. 
239. 
371. 
372. 
375. 
376. 


Treatment. 


^Untreated 

louenched  from  460°  C.  (850°  F.). 


!* 


alvanized  at  460°  C.  (860°  F.)  and  quenched. 


Mean  impact  value. 


Energy 
absorbed 


-lbs. 

7.2 

7.1 

7.2 

.7 

.9 


Relative 

value.1 


Per  cent. 

[  100 


1  As  compared  with  the  untreated  material. 

This  table  indicates  the  satisfactory  manner  in  which  the  impact 
values  of  similar  material  treated  in  the  same  way  checked.  The 
value  given  for  each  specimen  is  the  average  of  three  results, 
since  the  specimen  had  three  notches.  The  figures  presented  show 
plainly  enough  that  both  the  galvanizing  and  the  heat  treatment 
reduced  the  impact  resistance  of  the  metal  in  a  radical  fashion. 
There  was  also  a  decided  contrast  in  the  appearance  of  the  frac- 
tures of  the  untreated  and  the  quenched  specimens.  The  former 
possessed  the  usual  dark  color  characteristics  of  well-annealed 
malleable  iron.  After  heating  and  quenching,  however,  the  frac- 
ture was  very  light  silvery  gray  in  color. 


MarskaU] 


Embrittlement  of  Malleable  Cast  Iron. 


68 1 


The  similarity  in  the  effects  of  the  galvanizing  and  heat  treat- 
ment is  noteworthy,  the  seriousness  of  the  deterioration  in  either 
case  being  attested  by  the  drop  to  about  one-tenth  of  the  original 
impact  resistance. 

These  specimens,  as  well  as  all  the  others  used  in  this  investi- 
gation, were  machined  to  size  and  notched  before  treatment. 
In  order  to  make  sure  that  this  procedure  was  not  giving  mis- 
leading results  by  introducing  localized  stress  effects,  several 
samples  were  treated  and  then  machined.  Others  were  treated 
and  tested  without  notching.  In  every  case  the  data  obtained 
indicated  a  decided  embrittlement  of  the  metal  itself. 

The  embrittling  effect  of  hot-dip  galvanizing  having  been  shown 
to  result  from  heat  treatment,  a  closer  study  was  made  of  the 
conditions  under  which  this  marked  deterioration  took  place. 
An  investigation  was  consequently  made  of  the  following  four 
factors:  (i)  Rate  of  heating,  (2)  time  at  temperature,  (3)  rate 
of  cooling,  and  (4)  aging  after  treatment.  The  temperature  of 
heat  treatment  was  460^5°  C.  (860 ±9°  F.),  in  each  case,  a  cali- 
brated copper-constantan  thermocouple  being  employed  for  the 
measurement  of  the  temperature. 

2.  RATE  OF  HEATING. 

In  determining  the  effect  of  the  rate  of  heating  on  the  impact 
resistance  of  the  iron  the  other  variables  were,  of  course,  eliminated 
as  far  as  possible.  The  time  at  temperature  was  three  minutes 
and  the  cooling  rate  standardized  by  quenching  in  hot  water. 

TABLE  2.— Effect  of  the  Rate  of  Heating  Upon  the  Resulting  Brittleness. 


Specimen 
number. 


Treatment. 


Mean  impact  value. 


Energy   ,  Relative 
absorbed,     value.1 


26 

232 !-TJntreated 

251 J 

^ JHeated  in  air,  rate  about  6°  C.  (11°  F.)  per  minute.. 

22 1  Heated  in  air,  rate  about  13°  C.  (23°  F.)  per  minute. 

23 \] 

235 ^Dipped  in  molten  lead  at  460°  C.  (860°  F.) 

239 J 


Ft.-lbs. 
7.2 


1.0 
.8 


Percent. 
100 


1  As  compared  with  tie  untreated  metal. 


Table  2  shows  the  data  obtained  by  varying  the  heating  rate 
from  6°  C.  (n°  F.)  to  more  than  ioo°  C.  (1800  F.)  a  minute. 
The  results  on  the  untreated  metal  are  included  for  comparison. 
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It  is  evident  that  within  the  range  studied  changes  in  the  rate  of 

heating  produced  no  marked  effect  on  the  impact  resistance  of 

the  iron. 

3.  TIME  AT  TEMPERATURE. 

TABLE  3. — Variation  of  Impact  Value  with  the  Heating  Period. 


Time  at  460°  C.  (860°  F.). 

Mean  impact  value. 

number. 

Energy 
absorbed. 

Relative 
value.1 

308 

Ft.-lbs. 
0.8 

.8 

.8 

Per  cent. 
11 

309 

306 

11 

307 

304 

11 

305 

1  As  compared  with  the  untreated  metal. 

The  second  factor,  that  of  varying  the  time  during  which  the 
samples  were  held  at  temperature,  was  investigated  by  heating 
in  air  simultaneously  the  six  specimens  listed  in  Table  3.  The 
furnace  was  first  brought  to  temperature,  then  all  the  samples 
were  introduced  at  one  time.  After  the  pieces  had  reached  the 
desired  temperature  the  heating  was  continued  for  three  minutes. 
Two  of  them  were  then  removed  and  quenched  in  water  at  8o° 
C.  (1760  F.).  The  remaining  four  were  maintained  at  tempera- 
ture for  47  minutes  more,  when  another  pair  was  quenched  in 
the  same  way.  The  two  that  still  remained  were  quenched 
after  a  total  of  300  minutes  at  temperature.  The  variations 
from  4600  C.  (86o°  F.)  were  within  ±5°  C.  (90  F.)  in  these  experi- 
ments. 

The  values  listed  show  that  the  resulting  impact  resistance  was 
the  same  in  each  case.  Shorter  heating  periods  were  not  investi- 
gated because  they  were  thought  to  be  too  short  to  permit  the 
entire  specimen  to  reach  the  desired  temperature.  A  sample 
dipped  in  lead  at  4600  C.  (86o°  F.)  for  30  seconds  suffered  practi- 
cally the  same  embrittlement,  however.  It  appears,  therefore, 
that  the  time  this  particular  metal  was  held  at  the  above  tempera- 
ture could  vary  within  wide  limits  and  yet  not  affect  the  results. 

4.  RATE  OF  COOLING. 

In  studying  the  rate  of  cooling  the  same  general  conditions 
obtained  as  in  the  preceding  experiments.  The  heating  rate  was 
maintained  uniform  by  treating  the  specimens  in  molten  lead, 
except  Nos.  27  and  31,  which  were  heated  in  air.  The  time  at 
temperature  was  three  minutes  in  each  case. 
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Specimen 
number. 


Treatment. 


Mean  impact  value. 


Energy 
absorbed. 


Relative 
value.1 


351. 
23.. 
235. 
239. 
28.. 
30.. 
25.. 
29.. 
24.. 
27.. 
31.. 


JQuenched  in  water  at  0°  C.  (32°  F.). 


^Quenched  in  water  at  80°  C.  (176°  F.) 

Quenched  In  oil  at  25°  C.  (77°  F.) 

Quenched  In  oil  at  207°  C.  (405°  F.)  then  cooled  in  air. 

>CooIed  In  still  air 


Cooled  with  lead  pot,  rate  about  5°  C.  (9°  F.)  per  minute 

Heated  in  air,  cooled  with  furnace,  rate  about  1°  C.  (2°  F.)  per  minute. . 
Same  as  27  but  cooled  0.3°  C.  (0.5°  F.)  per  minute 


Ft. -lbs. 
0.5 

.8 

.7 
1.7 

3.4 

2.4 
5.4 
5.1 


Per  cent. 


1  As  compared  with  the  untreated  metal. 

Table  4  lists  the  results  obtained  in  studying  the  cooling  rate. 
Quenching  in  water  made  the  iron  very  brittle.  Cold  water  ap- 
peared to  be  somewhat  more  effective  than  hot  in  this  respect. 
The  same  is  true  of  oil  quenching.  Air  cooling  caused  less  harm. 
A  further  small  decrease  in  the  rate  of  cooling,  specimen  24,  did 
not  cause  a  proportionate  rise  in  impact  resistance.  Very  slow 
rates,  specimens  27  and  31,  however,  rendered  the  metal  much 
more  resistant  to  impact.  These  results  fall  into  line  quite  well 
and  show  plainly  that  the  slower  the  metal  cooled  the  higher 
the  impact  value.  The  rate  of  cooling  is,  therefore,  a  factor  of 
decided  importance. 

5.  AGING  AFTER  TREATMENT. 

Having  thus  shown  that  quenching  from  4600  C.  (86o°  F.) 
yielded  consistently  brittle  metal,  the  question  arose  as  to  the 
permanency  of  this  effect.  Several  specimens  were  embrittled 
by  the  above  procedure  and  then  tested  after  storage  in  a  desic- 
cator at  room  temperature  for  various  periods.  The  results 
showed  that  aging  for  periods  up  to  four  months  caused  no  de- 
crease in  the  embrittlement. 

The  effect  of  repeated  quenching  from  this  blue-heat  tempera- 
ture was  also  touched  upon.  It  was  found,  however,  that  the 
first  quench  caused  the  embrittlement,  subsequent  quenching 
having  little  influence  on  the  results. 

This  evidence  on  the  effect  of  various  treatments  at  4600  C. 

(86o°  F.)  may  be  summarized  by  noting  that  the  malleable  iron 

investigated  could  be  heated  to  that  temperature,  either  slowly 

or  rapidly,  and  held  there  for  a  long  or  a  short  time  without 

61317°— 23 2 
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varying  the  embrittlement  that  resulted  from  subsequent  quench- 
ing in  hot  water.  The  rate  of  cooling  from  the  elevated  tempera- 
ture was  important,  however,  for  the  slower  the  cooling  the  more 
resistant  to  impact  the  metal  became. 

IV.  EFFECT  OF  VARYING  THE  QUENCHING  TEMPERATURE. 

So  far  all  the  results  had  been  obtained  with  heat  treatments  at 
460  °C.  (86o°  F.).  With  the  effects  of  this  temperature  fairly  well 
surveyed,  the  next  step  was  to  investigate  the  influence  of  varia- 
tions in  the  quenching  temperature.  The  effect  of  variables  other 
than  the  one  under  consideration  were  minimized  by  using  a  similar 
method  of  heat  treatment  each  time.  The  procedure  consisted  in 
immersing  the  specimens  in  a  bath  at  the  desired  temperature, 
holding  them  there  three  minutes,  and  then  quenching  in  hot 
water.  An  oil  bath  and  mercury  thermometer  were  used  up  to 
3000  C.  (5720  F.)  and  a  lead  bath  for  higher  temperatures.  Cali- 
brated thermocouples,  copper-constantan  to  500  °C.  (932 °  F.)  and 
chromel-alumel  beyond  that  temperature  were  used  with  the  lead 
bath.  The  recorded  temperatures  are  within  ±5°  C.  (90  F.)  of 
the  true  value.  The  variation  of  impact  value  with  quenching 
temperature  is  shown  in  Table  5.  The  same  data  are  presented 
graphically  in  curve  A  of  Figure  2. 

TABLE  5. — Variation  of  Impact  Value  with  Quenching  Temperature. 


Specimen  number. 


Quenching  temperature, 


Mean  impact  value. 


Energy 
absorbed. 


Relative 
value.1 


26 

232 

251 

260 

262 

352 

230 

231 

373 

374 

23 

235 

239 

243 

244 

265 

253 

257 

263 

245 

246 

247 

248 

249 

250 

1  As  compared  with  the  untreated  metaL 


°C. 

{■Untreated 

240 
293 
350 

400 

460 

545 
577 

613 

647 
754 
800 


Untreated. 

464 
560 
662 

752 

860 

1,013 
1,070 

1,135 

1,197 
1,390 
1,472 


Ft.-; 


lbs. 
7.2 

6.3 
1.8 
1.2 


1.0 

4.5 

10.9 

10.0 
10.2 
7.6 


Per  cent. 
100 

87 
25 
17 


139 
142 

106 
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The  data  for  the  range  of  quenching  temperatures  studied  may 
be  divided  into  five  divisions.  In  the  first,  200-3750  C.  (390-7  io° 
F.),  the  impact  value  dropped  rapidly.  The  second,  375-5500  C. 
(710-1,020°  F.),  covered  the  period  of  greatest  embrittlement. 
The  third,  550-6 io°  C.  (1,020-1,130°  F.),  again  evidenced  a  very 
marked  increase  in  impact  resistance.  The  fourth,  610-760°  C. 
(1,130-1,400°  F.),  showed  a  uniformly  high  impact  resistance  and 
the  fifth,  760-800°  C.  (1,400-1,470°  F.),  produced  a  decided  drop 
in  this  property  of  the  iron,  as  is  to  be  expected. 

These  results  have  some  very  interesting  aspects.  The  major 
embrittlement  was  evidently  confined  to  a  definite  range  of 
quenching  temperatures,  with  a  rapid  rise  in  the  resistance  of  the 
material  to  impact  on  either  side  of  this  zone.  The  recovery  on 
the  high-temperature  side  was  quite  remarkable,  as  the  iron  not 
only  regained  its  original  impact  resistance  but  registered  a  pro- 
nounced improvement  over  this  value.  When  quenched  from 
545°  C.  (1,015°  F.),  for  instance,  it  took  only  one-seventh  the 
energy  to  break  the  specimen  as  to  fracture  it  in  the  untreated 
condition.  But  on  quenching  from  only  a  slightly  higher  tempera- 
ture, 610°  C.  (1 ,  130°  F.) ,  the  energy  required  was  1  lA  times  that  for 
the  untreated  metal  and  1 1  times  that  of  the  brittle  iron.  This 
exceptional  effect  dropped  off  but  little  as  the  quenching  tempera- 
ture was  raised  even  to  the  critical  point,  about  760°  C.  (1,400°  F.). 
Still  higher  temperatures,  up  to  800°  C.  (1,470°  F.),  caused  a  more 
decided  drop  in  impact  resistance. 

It  was  surprising  to  find  the  embrittlement  zone  limited  by  such 
definite  boundaries.  The  transition  ranges  were  unexpectedly 
narrow.  Unfortunately,  however,  the  region  of  greatest  deteriora- 
tion included  those  temperatures  that  are  practical  for  hot-dip 
galvanizing.  The  limitations  of  this  embrittlement  region  were, 
therefore,  not  such  that  the  danger  zone  could  be  avoided  by 
changing  the  galvanizing  temperature. 

It  is  interesting  to  note  that  specimens  249  and  250  were  heated 
above  the  critical  range  without  making  the  metal  very  brittle. 
The  microscope  showed,  however,  that  only  a  small  amount  of 
carbon  had  gone  back  into  solution  at  the  grain  boundaries  in 
this  case.  A  slightly  longer  time  or  higher  temperature  would 
have  increased  the  deterioration  greatly. 

The  above  results  on  the  investigation  of  the  variation  of 
impact  resistance  with  quenching  temperature  were  so  novel  and 
interesting  that  it  seemed  advisable  to  repeat  this  work  on  two 
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other  types  of  malleable  iron.  The  composition  of  all  three  kinds 
of  iron  in  the  annealed  condition  is  given  in  Table  6.  These 
three  series  of  samples  were  each  cast  in  different  foundries  so 
that  their  thermal  histories  also  varied.  Type  A  metal  is  the  one 
on  which  the  work  described  above  was  performed.  Table  7  and 
Figure  2,  curves  B  and  C,  show  the  results  obtained  with  the  two 
supplementary  series  of  samples. 


TABLE  6. — Malleable-Iron  Compositions.1 


Type. 

Composition. 

Energy 

absorbed 

in  impact 

test 

Total  C. 

Graphitic 
C. 

Si 

P 

Mn 

S 

A 

2.10 
2.35 
2.90 

2.00 
2.10 
2.83 

0.80 
.91 
.64 

0.20 

.18 
.17 

0.26 
.25 
.38 

0.073 
.051 
.072 

Ft. -lbs. 
7.2 

B 

5.7 

C 

5.6 

1  Analyses  by  H.  A.  Bright,  associate  chemist,  Bureau  of  Standards. 

TABLE  7. — Variation  of  Impact  Value  With  Quenching  Temperature. 


Specimen. 


Iron 
B. 


268 
269 
270 
271 
178 
190 
196 
272 
273 
274 
275 


Iron 
C. 


278 
279 
280 
2S1 


282 
283 
284 
285 


Quenching  temperature. 


Mean  impact  value. 


Energy  absorbed. 


Iron 
B. 


j-240°  C.  (464°  F.)... 
}350°  C.  (662°  F.)... 

460°  C.  (860°  F.)... 

\545°  C.  (1,013°  F.). 
|650°C.  (1,202°  F.). 


Ft.-lbs. 
5.6 


1.4 

.7 


2.4 
9.3 


Iron 
C. 


Ft.-lbs. 
5.6 


4.6 
2.9 


6.1 

6.4 


Relative  value.1 


Iron 
B. 


Iron 
C. 


Per  cent. 
98 


42 

163 


Per  cent. 

100 


109 
114 


1  As  compared  with  the  untreated  material. 

Although  there  were  not  as  many  points  determined  in  the 
later  cases,  it  is  evident  that  the  same  type  of  curve  holds  for  all 
three  metals  (see  fig.  2).  The  range  of  impact  values  was  much 
less  for  the  C  iron  than  for  the  others,  since  it  did  not  become  so 
brittle  at  4600  C.  (86o°  F.)  nor  recover  at  6500  C.  (1,200°  F.) 
to  the  degree  the  A  and  B  irons  did.  The  B  iron,  and  more 
particularly  the  C  iron,  started  to  embrittle  at  a  higher  and  to 
recover  its  normal  properties  at  a  lower  temperature  than  A  iron. 
The  brittleness  range  for  the  B  and  C  irons  was,  therefore,  nar- 
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rower  than  that  for  the  A  iron.  It  is  significant,  however,  that 
the  mean  of  the  temperatures  that  caused  low-impact  values  was 
approximately  the  same  in  every  case. 

It  may  be  well  to  summarize  the  effects,  some  of  them  rather 
striking,  produced  by  varying  the  quenching  temperature.  First, 
there  was  a  clearly  defined  range  in  which  the  malleable  iron 
exhibited  its  maximum  embrittlement.  This  zone  approximated 
the  brittleness  range  5  described  by  Guillet  and  Revillon  for  steel. 
Second,  the  magnitude  of  the  zone  of  deterioration  varied  con- 
siderably in  different  kinds  of  malleable  iron,  but  the  mean 
temperature  of  this  range  appeared  to  be  about  the  same  in  every 
case,  namely,  about  4500  C.  (8400  F.).  Third,  quenching  from 
temperatures  above  the  embrittlement  zone  and  below  the 
critical  point  yielded  iron  that  was  even  more  resistant  to  impact 
than  the  untreated  metal.  Fourth,  after  the  critical  temperature 
had  been  passed  the  impact  resistance  rapidly  decreased.  Varia- 
tion of  the  quenching  temperature  was  capable  of  producing 
remarkable  effects. 

V.  ELIMINATION   OF   THE  EMBRITTLEMENT. 

The  results  recorded  above  had  definitely  established  the 
importance  of  heat  treatment  in  causing  embrittlement.  It  was 
only  natural,  therefore,  to  expect  that  heat  treatment  should 
overcome  the  difficulty.  It  has  been  shown  that  on  both  sides  of 
the  embrittlement  zone  the  iron  had  good  impact  resistance. 
Treatment  in  either  of  these  two  regions,  consequently,  suggested 
itself  for  the  role  of  benefactor  to  the  metal. 

The  low-temperature  side  was  investigated  first.  Specimens 
of  the  type  A  iron  were  first  made  brittle  by  quenching  them  from 
4600  C.  (86  o°  F.)  and  were  then  treated  in  an  electric  oven  for  a 
time.  Samples  that  were  embrittled  and  then  heated  at  2000  C. 
(3900  F.)  for  four  hours  showed  some  improvement.  In  fact, 
after  this  low-temperature  anneal  the  metal  had  regained  approxi- 
mately 15  per  cent  of  its  original  impact  resistance.  It  was  evi- 
dent, therefore,  that  such  treatment  would  improve  the  metal. 
On  the  other  hand,  it  was  doubtful  if  the  original  shock  resistance 
could  be  restored  in  this  way,  since  equilibrium  conditions  would 
be  very  slowly  reached  at  these  low  temperatures.  Yet  raising 
the  temperature  of  treatment  very  much  would  bring  it  within 
the  region  of  deterioration. 

1  Rev.  de  Metallurgie,  6,  p.  918;  1909. 


MarshaU] 


Embrittlement  of  Malleable  Cast  Iron. 


689 


Similar  experiments  were  tried  on  the  high-temperature  side  of 
the  embrittlement  zone.  A  specimen  was  given  the  embrittle- 
ment treatment,  then  reheated  to  6150  C.  (1,140°  F.)  and  again 
quenched.  The  impact  value  of  the  resulting  metal  was  11.1 
foot-pounds,  or  154  per  cent  of  that  of  the  untreated  iron,  which 
was  a  highly  gratifying  result  as  it  showed  that  the  effect  of  the 
embrittling  treatment  had  apparently  been  entirely  effaced. 
(See  Table  8.) 

A  method  was  thus  at  hand  for  reclaiming  castings  made  defec- 
tive by  the  galvanizing  treatment  at  the  expense,  however,  of 
spoiling  the  zinc  coating.  A  still  more  desirable  step  would  be 
made  if  assurance  could  be  given  that  the  malleable  iron  would 
not  deteriorate  in  the  first  place.  The  manufacturer  wants  a 
product  he  can  hot  dip  with  impunity.  With  this  thought  in 
mind,  specimens  were  quenched  from  6 15°  C.  (1,140°  F.)  and  then 
given  the  embrittling  treatment;  that  is,  heated  to  460°  C.  (860° 
F.)  and  quenched.  As  shown  by  Table  8,  the  results  evidenced  a 
high  shock  resistance.  In  fact,  such  a  sample  held  at  460°  C. 
(860°  F.)  for  half  an  hour  before  quenching  still  had  a  high  impact 
value.  Such  data  indicated  that  the  question  of  overcoming  the 
tendency  to  deteriorate  had  been  satisfactorily  answered. 

TABLE  8.— The  Effect  of  Quenching  From  615°  C.  (1,140°  F.)  on  the  Embrittlement 

of  Iron  A. 


Specimen 
number. 


Treatment. 


Mean  impact  value. 


Energy 
absorbed, 


Relative 
value. 


253. 
257. 
254. 

256. 


Quenched  from  460°  C.  (860°  P.),  heated  and  requenched  from  615°  C. 
(1,140°  F.) 

JQuenched  from  615°  C.  (1,140°  F.) 

Quenched  from  615°  C.  (1,140°  F.),  heated  and  requenched  from  460°  C. 

(860° F.) 

Quenched  from  615°  C.  (1,140°  F.),  then  reheated  to  450°  C.  (850°  F.) 

for  30  minutes  and  again  quenched 


Ft.-lbs. 
11.1 


10.0 
8.9 


Per  cent. 
154 


139 
124 


1  As  compared  with  the  untreated  material. 


Since  it  had  been  found  that  the  effect  of  heat  treatment  varied 
with  different  kinds  of  malleable  iron  (see  Table  7),  it  next  be- 
came necessary  to  see  if  this  relatively  high- temperature  treatment 
could  be  depended  upon  to  eliminate  the  galvanizing  deterioration 
in  general.  One  sample  of  each  of  the  B  and  C  metals  described 
above  was  heated  to  655°  C.  (1,210°  F.),  quenched  and  then  given 
the  embrittling  treatment.  The  impact  resistance  of  the  B  speci- 
men was  10. 1  foot-pounds  (relative  value  177  per  cent)  and  that 
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of  the  C  sample  6.9  foot-pounds  (123  per  cent).  The  results  on 
the  A  iron  were  thus  corroborated. 

In  order  to  secure  still  more  data  on  the  feasibility  of  using  this 
high-temperature  quench  as  a  general  remedy  for  deterioration  in 
galvanizing,  specimens  from  47  different  heats  of  malleable  iron 
were  treated  and  tested.  A  comparison  was  made  between  three 
types  of  samples,  (a)  untreated,  (b)  embrittled,  and  (c)  quenched 
from  6500  C.  (i,2oo°  F.)  then  given  the  embrittling  treatment. 
The  carbon  content  of  this  metal  varied  from  2.6  to  3.0  per  cent 
and  the  silicon  from  0.45  to  0.95  per  cent.  Most  of  this  material 
was,  therefore,  relatively  high-carbon,  low-silicon  malleable  iron. 
On  quenching  from  4600  C.  (86o°  F.)  the  resulting  impact  resist- 
ance varied  from  9  to  84  per  cent  (average  59  per  cent)  of  that  of 
the  original  metal.  A  similar  treatment,  preceded  by  quenching 
in  water  from  6500  C.  (1,200°  F.),  yielded  metal  whose  resistance 
to  impact  ranged  from  88  to  122  per  cent  (average  103  per  cent) 
of  that  of  the  initial  stock.  Although  the  high- temperature 
treatment  did  not  produce  as  marked  an  improvement  in  this 
case  as  previously  met  with,  still  the  metal  thus  treated  was 
decidedly  better  than  the  untreated  iron.  In  every  instance  the 
embrittlement  had  been  either  almost  or  entirely  eliminated. 

In  order  to  show  definitely  that  the  high-temperature  treatment 
would  overcome  the  deterioration  due  to  galvanizing,  specimens 
of  A  iron  quenched  from  650°  C.  (1,200°  F.)  were  hot  dipped  and 
then  tested  in  impact.  Similar  samples,  untreated,  were  also 
run  at  the  same  time  for  comparison.  After  galvanizing,  the 
untreated  samples  gave  an  impact  resistance  of  0.9  foot-pound, 
which  was  only  12  per  cent  of  the  value  of  the  specimen  before 
treatment,  while  those  quenched  from  650°  C.  (1,200°  F.)  gave 
far  higher  values,  namely,  11.5  foot-pounds  (relative  value  160 
per  cent) . 

The  tensile  properties  of  malleable  iron  in  the  two  conditions — 
(a)  untreated  and  (b)  quenched  from  650°  C.  (1,200°  F.) — was 
also  compared.  Five  of  the  usual  A.  S.  T.  M.  malleable  iron  test 
bars,  type  C  iron,  were  tested  in  each  of  these  two  conditions. 
Table  9  lists  the  results. 

TABLE  9. — Tensile  Properties  of  Untreated  and  Treated  Malleable  Iron. 


Type. 

Propor- 
tional limit. 

Yield  point. 

Ultimate 
strength. 

Elongation. 

Untreated 

Lbs./in.s 
15,900 
16,800 

Lbs./in.s 
32,500 
35,900 

Lbs./in.* 
50,500 
51,000 

Per  cent. 
10.5 

Quenched  from  650°  C 

10.5 
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These  data  show  that  the  tensile  properties  of  the  heat-treated 
bars  were  as  good  and  perhaps  a  little  better  than  those  of  the 
untreated  samples.  The  effect  of  the  relatively  high-temperature 
treatment  seems  to  have  been  entirely  beneficial  to  the  iron. 

It  has  been  demonstrated,  therefore,  that  not  only  was  there  a 
heat-treatment  zone  between  the  deterioration  range  and  the 
critical  point  in  which  a  beneficial  influence  was  exerted  on  mal- 
leable iron,  but  this  improvement  in  quality  was  retained  even 
after  subsequent  galvanizing.  The  magnitude  of  this  effect 
varied  from  one  heat  of  malleable  iron  to  another,  but  in  every 
case  the  improvement  was  pronounced.  In  fact,  the  galvanizing 
embrittlement  was  eliminated  without  injuring  the  other  physical 
properties  of  the  iron. 

VI.  DISCUSSION. 

The  results  presented  above  are  not  offered  as  a  solution  of  the 
problem  of  the  embrittlement  of  malleable  iron  in  hot-dip  gal- 
vanizing, although  a  method  of  overcoming  this  fault  is  presented. 
The  object  of  the  paper  is  rather  to  list  the  pertinent  information 
obtained  in  a  study  of  this  practical  and  perplexing  difficulty  by 
correlating  the  observations  in  an  effort  to  clear  up  the  uncer- 
tainties of  the  subject  as  much  as  possible. 

As  has  been  mentioned,  an  interesting  parallel  was  found  be- 
tween the  temperatures  at  which  galvanizing  deterioration  takes 
place  and  those  recognized  as  the  blue-brittleness  range  of  low- 
carbon  steel.  The  distinction  must  be  borne  in  mind  that  the 
failure  in  the  latter  case  occurs  while  the  metal  is  -still  at  the  ele- 
vated temperature.  The  suggestion  is  offered,  however,  that  the 
galvanizing  embrittlement  may  be  an  exaggerated  form  of  blue 
brittleness  that  is  retained  at  ordinary  temperatures  by  quenching. 
If  such  is  the  case,  a  further  examination  of  the  cause  of  hot-dip 
deterioration  affords  a  convenient  means  of  attack  on  the  more 
general  problem.  Since  no  impact  tests  were  made  on  malleable 
iron  at  other  than  room  temperature,  the  relationship  of  the  two 
phenomena  must  remain  for  the  present  an  interesting  conjecture. 

The  very  definite  manner  in  which  the  embrittlement  zone  is 
limited  (see  fig.  2)  is  surprising.  In  fact,  the  transitions  are  so 
abrupt  as  to  intimate  the  possible  existence  of  transformations  at 
these  points.  Some  evidence  in  support  of  this  surmise  was  fur- 
nished by  thermal  curves  obtained  on  certain  samples  of  malleable 
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iron.  The  whole  matter  needs  much  more  study,  however,  before 
any  well-founded  theory  can  be  offered  to  explain  the  facts. 

A  novel  feature  of  the  results  lies  in  the  fact  that  quenching  from 
temperatures  above  the  embrittlement  zone  and  below  the  critical 
point  yields  malleable  iron  of  superior  quality.  It  seems  almost 
paradoxical  that  the  physical  properties  of  such  well-annealed 
material  should  be  improved  by  reheating  to  dull  redness  and 
quenching.  Experience  has,  however,  since  amply  demonstrated 
the  truth  of  this  generalization  for  malleable  iron. 

Not  the  least  important  of  the  results  has  been  the  demonstra- 
tion that  the  effects  of  such  thermal  manipulations  as  were  per- 
formed in  this  investigation  can  be  conveniently  and  quantita- 
tively measured  by  means  of  the  notched-bar  impact  test.  Several 
hundred  specimens  were  tested  in  this  way  with  entirely  consist- 
ent results.  Moreover,  samples  of  the  same  metal,  heat  treated 
in  the  same  way,  but  on  different  occasions  always  checked  with 
fair  precision. 

The  marked  effects  produced  by  thermal  treatments  have  been 
noted.  Yet  it  must  be  admitted  that  the  mechanism  of  these 
changes  is  still  unknown.  The  phosphorus  content  undoubtedly 
is  of  importance  in  this  connection,  but  the  question  of  the  process 
by  which  this  impurity  exerts  this  influence  can  not  be  answered 
at  present.  Other  factors  than  phosphorus  have  an  important 
bearing  on  the  problem  and  in  this  connection  the  thermal  history 
of  the  metal  is  pertinent.  In  any  further  investigation  of  the 
problem  the  effect  of  variations  in  the  annealing  or  graphitizing 
treatment  must  be  given  close  consideration. 

VII.  SUMMARY. 

Numerous  tests  on  samples  of  commercial  malleable  iron, 
mostly  impact  tests  on  specimens  heat  treated  at  relatively  low 
temperatures,  have  been  recorded  here.  A  consideration  of  the 
data  thus  presented  brings  out  the  following  facts: 

1.  The  embrittlement  of  malleable  iron  sometimes  noted  in 
hot-dip  galvanizing  is  due  chiefly  to  the  incidental  heat  treatment. 

2.  The  notched-bar  impact  test  forms  a  convenient  means  of 
measuring  such  deterioration. 

3.  Quenching  malleable  iron  from  temperatures  between  400  and 
5oo°C.  (750  and  93o°F.)  makes  it  brittle  to  a  greater  or  lesser 
degree  depending  on  the  iron.  The  rate  of  heating  and  the  time 
the  metal  is  held  at  this  temperature  exert  but  little  influence. 
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Aging  after  treatment  has  no  apparent  effect.  On  the  other  hand, 
substituting  slower  rates  of  cooling  for  the  quenching  treatment 
produces  a  metal  of  higher  impact  resistance. 

4.  Heating  to  650°C.  (i,200°F.)  for  a  few  minutes  followed  by 
quenching  (in  water  at  room  temperature)  eliminates  the  embrit- 
tlement, even  if  the  metal  is  subsequently  galvanized. 

5.  Further  investigation  will  be  required  to  determine  the  funda- 
mental cause  of  the  behavior  observed. 

The  author  takes  this  occasion  to  express  his  appreciation  of  the 
aid  and  cooperation  extended  to  him  by  many  members  of  the 
bureau  staff,  especially  H.  S.  Rawdon  and  other  members  of  the 
division  of  metallurgy.  Credit  is  also  due  the  Ohio  Brass  Co., 
whose  active  interest  and  assistance  in  the  problem  made  this 
work  possible. 

Washington,  August  11,  1923. 
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By  R.  R.  Danielson  and  H.  P.  Reinecker. 


ABSTRACT. 

Scope  of  investigation. — This  paper  deals  with  an  investigation  of  vitreous  enamels 
to  be  applied  to  cast  iron  by  the  wet  process,  both  with  and  without  ground  coats. 
About  130  different  enamels  have  been  applied  to  approximately  900  castings  in  this 
laboratory.  Fifteen  of  the  more  promising  compositions  have  been  investigated 
further  at  a  stove  factory  by  a  representative  of  the  bureau,  and  in  this  work  some  320 
typical  stove  castings  have  been  enameled.  The  effect  of  variations  in  the  composi- 
tions of  ground  coats,  white  cover  enamels,  and  both  colored  and  white  single-coat 
enamels  have  been  studied.  Suitable  technic  for  the  preparation  and  application  of 
the  enamels  is  discussed. 

CONCLUSIONS. 

Ground  coats. — Sintering  of  the  ground  coats  is  recommended  to  develop  best  adher- 
ence to  the  iron.  Suitable  mill  batches  consist  of  100  parts  of  frit  and  15  parts  of  clay, 
by  weight,  or  10  parts  each  of  clay  and  flint  to  100  parts  of  frit. 

White  cover  enamels. — These  may  be  smelted  in  the  usual  manner.  Suitable  mill 
batches  are  100  parts  of  frit,  8  of  tin  oxide,  and  5  of  clay.  The  cover  enamels  must 
not  be  too  refractory  for  the  ground  coat  or  blistering  will  result. 

Single-coat  colored  enamels. — Mill  additions  for  these  enamels  are  4  per  cent  of  clay 
and  the  necessary  amounts  of  color  oxides. 

Single-coat  white  enamels. — These  are  not  as  satisfactory  in  opacity  as  the  white 
enamels  applied  over  a  ground  coat.  Mill  additions  must  be  low — 4  per  cent  each  of 
clay  and  tin  oxide. 

General. — Boric  oxide  and  cryolite  tend  to  cause  crawling  of  the  enamels.  Lead 
oxide  promotes  better  adherence  of  enamels,  although  it  decreases  their  firing  range. 
Sodium  oxide  also  decreases  their  firing  range  and  causes  blistering.  Boric  oxide 
increases  firing  range.  Satisfactory  compositions  are  given  in  the  conclusions  from 
the  studies  of  the  various  types  of  enamels. 
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PART  I.— WET-PROCESS  ENAMELS  WITH  THE  USE 
OF  A  GROUND  COAT. 

I.  INTRODUCTION. 

Wet-process  enameling  for  cast  iron  has  become  of  great  impor- 
tance within  the  last  few  years,  particularly  in  the  stove  industry. 
This  is  undoubtedly  due  to  the  fact  that  small  castings  required 
for  stoves  can  be  handled  in  greater  volume  and  at  less  cost  by 
this  process  than  by  the  dry  process.  Less  skilled  labor  is  required 
for  manipulation,  and  the  method  lends  itself  readily  to  the 
enameling  of  irregularly  shaped  castings. 

Very  little  has  been  published  regarding  this  method  of  enam- 
eling, although  it  has  been  used  for  some  time  in  the  manufacture 
of  cast-iron  cooking  ware.  The  various  treatises  on  the  subject 
of  enameling  either  make  no  reference  to,  or  are  so  vague  in  their 
treatment  of,  the  wet  process  for  enameling  of  cast  iron  that  they 
are  of  no  help  to  those  interested  in  the  development  of  suitable 
compositions  and  technic. 

It  may  generally  be  stated  that  the  strength  of  enamels  is 
inversely  proportional  to  the  thickness  of  the  coat  when  the  prop- 
erly balanced  composition  is  used.  The  heavy  coats  of  enamel 
as  used  in  the  dry  process  are  liable  to  chip,  particularly  on  sharp 
edges,  when  subjected  to  impact.  The  wet  process  tends  to  over- 
come this  difficulty,  as  it  is  possible  to  apply  the  enamel  in  much 
thinner  coats. 

Two  distinct  types  of  wet-process  cast-iron  enamels  are  com- 
monly used,  two  or  three  coat  process  in  connection  with  the  use 
of  a  ground  coat,  and  one  or  two  coat  process  without  the  use  of 
a  ground  coat,  using  one  composition  for  both  coats.  This  paper 
will  treat  of  both  types,  the  development  of  ground  coats,  and 
white  cover  enamels  being  considered  first. 

The  method  of  application  of  this  type  of  enamel  is  similar  to 
that  for  steel  enameling,  as  the  ground  or  first  coat  is  fired  and 
allowed  to  cool  before  the  cover  is  applied.  The  dry  process,  as 
generally  used  in  the  enameling  of  bathtubs  and  sanitary  ware, 
necessitates  the  sieving  on  of  the  dry,  powdered  cover  enamel 
before  the  ground-coated  ware  has  cooled  and  the  return  of  the 
casting  to  the  furnace  to  gloss  over  the  enamel,  thus  making  it 
impossible  to  fire  more  than  a  limited  number  of  pieces  at  a  time. 

Since  it  was  believed  that  ground  coats  were  as  important  as 
the  covers,  the  first  principal  work  has  been  in  the  development 
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of  suitable  compositions  for  such  grounds.  The  basis  of  this  work 
consisted  of  a  number  of  typical  ground  coats  now  in  use  for  the 
dry  process.  In  order  to  obtain  an  enamel  of  the  proper  physical 
properties,  the  above  procedure  was  considered  advisable. 

In  studying  cover  enamels  the  same  procedure  was  employed, 
several  enamels  which  had  given  good  results  in  commercial  prac- 
tice when  used  by  the  dry 'process  being  selected  as  the  basis  for 
the  studies.  This  work  consisted  of  noting  the  effects  of  variation 
in  composition  and  heat  treatment. 

In  studying  the  three-coat  wet-process  enamels  the  methods 
of  preparing  the  enamels  and  the  technic  employed  were  based 
on  the  conclusions  drawn  from  previous  preliminary  studies. 

II.  PREPARATION  AND  APPLICATION  OF  ENAMELS. 

In  the  preliminary  study  the  ground  coats  were  prepared  by 
weighing  out  the  materials  in  5 -pound  batches,  mixing  thoroughly 
and  smelting  in  crucibles  to  the  same  degree  as  in  the  prepa- 
ration of  ground  coats  for  sheet  steel.  It  was  soon  found  that 
the  ground  coats  prepared  by  this  method  had  very  poor  adher- 
ence, so  the  sintering  method  was  resorted  to.  The  latter  method 
gave  excellent  results  and  was  adopted,  therefore,  in  the  prepa- 
ration of  all  ground  coats  used  in  this  investigation.  The  materials 
were  placed  in  crucibles  and  fired  in  a  kiln  to  approximately 
9750  C.  (1,775°  F.)  over  a  period  of  two  hours.  Upon  cooling 
the  frits  were  broken  from  the  crucibles  and  crushed  in  a  jaw 
crusher  to  a  size  suitable  for  grinding  in  ball  mills. 

The  sintering  method  undoubtedly  prevents  the  volatilization 
of  the  fluxes  and  also  results  in  a  ground  coat  having  greater 
strength  than  that  obtained  in  the  melting  of  the  materials  to 
a  glassy  frit.  These  results  have  been  checked  with  a  large  num- 
ber of  varying  compositions,  and  even  in  the  case  of  the  more 
fusible  ground  coats  the  sintering  method  gave  far  better  adher- 
ence, although  it  is  quite  possible  that  satisfactory  results  may 
be  obtained  in  the  smelting  of  certain  other  compositions. 

The  cover  coats  were  prepared  in  the  usual  way  by  smelting, 
except  that  the  customary  content  of  tin  oxide  was  reserved  for 
the  mill  addition.  This  consisted  of  8  per  cent  tin  oxide  and  5 
per  cent  Johnson- Porter  Tennessee  ball  clay,  with  the  necessary 
amount  of  water  to  form  a  slip  for  spraying. 

The  cast-iron  specimens  for  test  were  corner  fittings  and  oval 
disks  used  in  the  manufacture  of  enameled  stoves.  They  made 
ideal  samples,  as  they  had  a  number  of  curved  surfaces  and  sharp 
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corners  which  would  accentuate  poor  adherence  of  the  enamel. 
The  castings  were  prepared  for  enameling  by  annealing  at  tem- 
peratures approximating  8150  C.  (1,500°  F.).  They  were  then 
sand-blasted  with  a  mixture  of  about  80  per  cent  sand  and  20 
per  cent  crushed  steel  shot. 

The  cleaned  castings  were  coated  with  a  light  application  of  the 
various  ground  coats  by  means  of  an  air  spray.  They  were  then 
dried  thoroughly  and  fired  in  an  electric  furnace  at  temperatures 
varying  from  760  to  8 15°  C.  (1,400  to  1,500°  F.).  The  time  of 
firing  varied  from  5  to  10  minutes,  depending  upon  the  particular 
ground  coat  and  the  type  of  casting  used.  After  the  firing  and 
cooling  of  the  ground-coat  enamel  the  castings  were  coated  with 
the  cover  enamel  by  spraying  and  again  thoroughly  dried.  It 
is  well  to  emphasize  at  this  point  the  necessity  of  thorough  dry- 
ing if  crawling  of  the  enamel  is  to  be  avoided.  The  cover  coats 
were  fired  at  730  to  760°  C.  (1,350  to  1,400°  F.),  the  time  of  firing 
varying  from  5  to  10  minutes,  depending  on  the  refractoriness 
of  the  composition. 

III.  EXPERIMENTAL  STUDY  OF  GROUND  COATS. 

To  note  the  working  qualities  of  the  ground  coats  in  respect  to 
the  cover  coats,  especially  as  to  adherence  and  texture,  enamels 
R-i  (Table  4  A)  and  R-7  (Table  5  A)  were  used  with  each  ground 
coat.  R-i  was  a  medium  refractory  enamel,  while  R-5  was  com- 
paratively soft. 

1.  APPLICATION  OF  DRY-PROCESS  COMPOSITIONS. 

In  Table  1  are  shown  four  basic  ground-coat  compositions  giving 
the  batch  weights  and  mill  additions  for  each  composition.  These 
are  typical  compositions  of  ground  coats  used  for  dry-process  enam- 
eling of  cast  iron.1  Rg-i  is  representative  of  the  flint  type  with  a 
considerable  amount  of  raw  clay  in  the  mill  mix.  Rg-2  is  a  com- 
bined flint  and  feldspar  type,  a  fairly  refractory  type,  with  small 
additions  of  clay  and  cobalt  oxide  in  the  mill  batch.  In  compo- 
sition Rg-3  is  shown  a  combination  of  two  fusible  frits  containing 
large  amounts  of  lead  oxide,  both  the  feldspar  and  flint  types  being 
represented.  The  mill  additions  consist  of  medium  quantities  of 
clay,  flint,  and  feldspar.  Ground  coat  Rg-4  differs  from  the  other 
compositions  in  this  series,  as  it  has  a  comparatively  high  content 
of  boric  acid  and  feldspar.  The  mill  additions  consist  of  a  medium 
amount  of  clay  and  a  small  percentage  of  cobalt  oxide. 

1  H.  F.  Staley,  B.  S.  Tech.  Paper  143,  pp.  79-82. 
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TABLE  1. — Ground  Coats  for  Wet-Process  Cast-iron  Enamels. 


{Vol.  17 


[Batch  composition  of  Frits.] 
FRITS. 


Composition. 

Rg-1. 

Rg-2. 

Rg-3. 

Rg-». 

(a) 

(b) 

Flint                                   

Per  cent. 

57.4 

30.2 

5.7 

6.7 

Per  cent. 
24.5 
33.3 

Per  cent. 

Per  cent. 

42.0 

25.3 

5.1 

27.6 

Per  cent. 

20.5 
3.6 
22.3 
53.6 

48.3 

3.5 

Red  lead 

3.6 
38.6 

1.7 

46.5 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

MILL  BATCHES. 

Frit    

100 

69 
36 

100 

{ 

Frit  a  66.  6 
Frit  b  33. 3 

10 

10 

} 

100 

Flint                         

6 
0.33 

15 

0.33 

16 

Although  these  ground  coats  had  given  very  good  results  when 
used  by  the  dry  process,  it  was  noted  that  when  applied  by  the 
wet  process  there  was  considerable  variation  in  such  properties  as 
adherence,  texture,  etc.,  both  in  respect  to  the  ground  coat  and 
the  cover  enamel. 

Apparently  the  best  results  were  obtained  with  Rg-i.  This 
ground  coat  gave  fair  adherence,  but  the  most  desirable  feature 
was  the  comparative  freedom  from  pinholes  in  the  cover  enamel. 

Ground  coat  Rg-2  adhered  poorly  to  the  iron,  showing  that  this 
type  of  coating  did  not  have  the  proper  physical  properties  to 
withstand  the  stresses  set  up  in  cooling  without  the  use  of  a  cover 
for  protection.  It  also  had  a  short  firing  range,  so  that  there  was 
a  tendency  for  the  cover  enamel  to  develop  pinholes. 

With  ground  coat  Rg-3  fairly  good  results  were  obtained, 
approaching  those  of  Rg-i,  although  there  was  a  tendency  to 
develop  fine  pinholes,  especially  when  slightly  overtired. 

When  the  frit  compositions  (a)  and  (6)  of  Rg-3  were  com- 
bined to  give  a  single  frit  of  the  same  theoretical  composition, 
the  results  differed  very  much.  The  resulting  ground  coat  had 
poor  adherence,  showing  that  the  physical  condition  of  the  enamel 
is  fully  as  important  as  its  chemical  composition. 

Composition  Rg-4,  a  feldspar  ground  coat,  had  very  good 
adherence  but  had  a  decided  tendency  to  form  pinholes,which  may 
have  been  due  to  its  greater  fusibility  as  compared  with  the  cover 
coats. 
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2.  EFFECT  OF  VARYING  MILL  ADDITIONS. 

Since  Rg-i,  with  a  high  content  of  raw  mill  additions,  had 
fairly  good  adherence  and  the  covers  applied  to  this  ground  gave 
the  best  results  as  to  texture  and  capacity,  it  was  decided  to  study 
the  effect  of  varying  mill  additions.  Inasmuch  as  Rg-i  contained 
a  considerable  amount  of  flint  and  clay,  it  was  planned  to  study 
the  effect  of  replacing  the  flint  by  feldspar  and  clay  and  also  the 
replacement  of  clay  by  flint  and  feldspar,  simply  retaining  enough 
clay  to  keep  the  frit  in  suspension  after  milling.  In  this  procedure 
it  was  hoped  that  a  composition  might  be  developed  which  would 
have  good  adherence  as  well  as  the  other  desired  qualities.  In 
making  these  substitutions  the  ratio  of  fusibilities,  as  suggested 
for  various  enamel  refractories  by  Coe  2  in  his  work  on  ground 
coats  for  cast  iron,  was  used.     Coe  gives  the  following  ratio: 

40  parts  of  clay  =  66  parts  of  flint  =  100  parts  of  feldspar 

and  the  substitutions  were  made  in  Rg-i  on  this  basis. 

In  series  1,  Table  2,  ground  coat  IB-Rg-i  has  the  flint  addition 
in  the  mill  batch  of  Rg-i  replaced  by  clay  in  the  ratios  given  by 
Coe.  This  should  result  in  a  composition  with  the  same  refrac- 
toriness as  Rg-i.  To  the  remaining  members  of  the  series  clay 
has  been  added  or  subtracted  in  units  of  15.5  parts. 

TABLE  2.— Effect  of  Variations  in  Mill  Additions. 

[Frit  constant,  100  g.] 


Mill  additions. 

Ground  coat  number. 

Clay. 

Flint. 

Feld- 
spar. 

Adherence. 

Ground  coat. 

After 

applying 

cover. 

Cover 
pinholes. 

EE-Rg-1 

108.5 
93.0 
77.5 
62.0 
46.5 
31.0 
15.5 

6.0 
6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.0 
6.0 

Flaked 

IC-Rg-1... 

Good 

Good... 
...do... 

IB-Rg-1... 

do 

Do. 

IA-Rg-1... 



do 

...do... 

Do. 

ID-Rg-1 

do 

...do 

Few. 

IF-Rg  1 

do 

...do. 

Do. 

IG-Rg-1 

do 

...do 

Do. 

nc-Rg-i 

114.0 
120.0 
96.0 
73.0 
48.0 
24.0 

Flaked 

rm-Rg-i 

do 

nA-Rg-i 

do... 

rm-Rg-i 

Chipped  on  edge.. 
do 

Good..   . 
...do.. 

nE-Rg-i 

Many. 
Do. 

nF-Rg-i 

216.0 
180.0 
144.0 
108.0 
72.0 
36.6 

Good 

...do... 

mc-Rg-i 

Flaked 

mB-Rg-i 

do 

TTTA-Rg-1 

.  .do 

nm-Rg-1 

do 

niE-Rg-i 

Good 

Good  ... 
...do 

Few. 

TTTF-Rg-1 

do 

Do. 

2 Coe,  J.  H.,  Compositions  of  commercial  ground  coats  for  cast-iron  enamels,  Trans.  Am.  Ceram.  Soc, 
13,  p.  531. 
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Table  2  shows  very  clearly  that  with  the  increase  of  raw  additions 
in  the  mill  batch  the  adherence  is  not  satisfactory,  except  in  series 
1 ,  where  several  compositions  with  a  comparatively  high  clay  con- 
tent had  good  adherence.  Later  these  were  found  to  be  undesira- 
ble as  commercial  compositions  because  the  results  were  not  con- 
sistent over  a  large  number  of  trials,  there  being  a  tendency  for 
chipping  to  develop  in  some  cases.  In  series  2  and  3  with  flint  or 
feldspar  substituted  for  clay  the  adherence  was  very  poor,  except 
where  the  additions  were  small.  It  will,  therefore,  be  noted  that 
flint  and  feldspar  are  poor  substitutes  for  clay  in  the  mill  additions 
for  ground  coats,  as  they  evidently  detract  from  the  adherent 
quality  of  the  enamel. 

3.  EFFECT  OF  VARYING  FRIT  COMPOSITIONS. 

Since  it  was  concluded  that  an  excessive  amount  of  raw  material 
in  the  mill  batch  was  detrimental  to  the  desired  results,  it  was 
decided  to  make  a  study  of  the  effect  of  variation  in  the  composi- 
tion of  the  frit,  using  1 5  per  cent  of  clay  in  the  mill  batch,  approx- 
imately the  maximum  amount  consistently  giving  proper  ad- 
herence. Ground  coat  Rg-i  was  taken  as  a  basis  for  this  work. 
The  different  substitutions  were  made  within  the  limits  of  workable 
ground  coats.  The  latter  must  necessarily  have  the  correct 
physical  properties  to  permit  them  to  undergo  three  distinct  firings 
without  blistering. 

The  theoretical  melted  compositions  and  batch  weights  of  the 
21  ground  coats  studied  are  given  in  Table  3,  A  and  B. 

TABLE  3  A.— Ground  Coats  of  Series  3. 
[Melted  Composition  ol  Frits.] 


Ground  coat  number. 


Rg-1... 

Rg-5... 
Rg-6... 
Rg-7... 

Rg-9... 

Rg-10. 
Rg-11. 
Rg-12. 
Rg-13. 
Rg-14. 

Rg-16. 
Rg-17. 
Rg-18. 
Rg-19. 

Rg-20. 
Rg-21. 
Rg-22. 
Rg-23. 

Rg-24. 
Rg-25. 
Rg-26. 
Rg-27. 


Flint.       Feldspar.      B2O3. 


Per  cent. 
69.90 
73.50 
66.30 
62.70 


34.90 

'34.' 90' 

69.90 
69.90 
69.90 
69.90 

69.90 
69.90 
65.90 
61.90 

69.90 
69.90 
66.30 
62.70 


Per  cent. 


104. 80 

52.40 
87.40 
44.00 
69.90 
34.90 


Per  cent. 
13.57 
13.57 
13.57 
13.57 
13.57 

13.57 
13.57 
13.57 
13.57 
13.57 

21.57 
17.57 
9.57 
13.57 

13.57 
13.57 
13.57 
13.57 

17.57 

9.57 
17.17 
20.77 


Na-O. 


Per  cent. 
8.53 
8.53 
8.53 
8.53 
8.53 

8.53 

8.53 
8.53 
8.53 
8.53 

8.53 
8.53 
8.53 
16.53 

12.53 
4.53 
12.53 
16.53 

4.53 
12.53 
8.53 
8.53 


PbO. 


Per  cent. 
8.00 
4.40 
11.60 
15.20 
8.00 

8.00 
8.00 
8.00 
8.00 
8.00 


4.00 
12.00 


4.00 
12.00 
8.00 
8.00 

8.00 
8.00 
8.00 
8.00 
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Ground  coat  number. 

Flint. 

Feld- 
spar. 

Borax. 

Sodium 
nitrate. 

Soda 
asb. 

Red 

lead. 

Boric 
acid. 

Rg-1 

69.90 
73.50 
66.30 
62.70 

36.96 
36.96 
36.96 
36.96 
36.96 

36.96 
36.96 
36.96 
36.96 
36.96 

36.96 
36.96 
26.07 
36.96 

36.96 
12.34 
36.96 
36.96 

12.34 

26.07 
36.96 
36  96 

6.95 
6.95 
6.95 
6.95 
6.95 

6.95 
6.95 
6.95 
6.95 
6.95 

6.95 
6.95 
6.95 
6.95 

6.95 
6.95 
6.95 
6.95 

6.95 
6.95 
6.95 
6.95 

8.17 
5.01 
11.84 
15.51 
8.17 

8.17 
8.17 
8.17 
8.17 

8.17 

Rg-5 

Rg-6 

Rg-7 

Rg-9 

104.80 

52.40 
87.40 
44.00 
69.90 
34.90 

Rg-10 

34.90 

Rg-11 

Rg-12 

34.90 

Rg-13 

Rg-14 : 

34.90 

69.90 

69.90 
69.90 
69.90 

69.90 
69.90 
65.90 
61.90 

69.90 
69.90 
66.30 
62.70 

Rg-16 

14  16 

Rg-17 

4.08 
12.24 

7.08 

Rg-18 

3.04 
13. 67 

6.84 

Rg-19 

Rg-20 

4.08 
12.24 
8.17 
8.17 

8.17 
8.17 
8.17 

8.17 

Rg-21 

Rg-22 

6.84 
13.67 

Rg-23 

Rg-24 

23  06 

Rg-25 

9.88 

Rg-26 

6  37 

Rg-27 

12  75 

TABLE  3  C— Effect  of  Varying  Flint  and  Lead  Oxide  in  Ground  Coats. 
[Constant  portion  melted,  13.57  B:03,  8.53  Na20.] 


Melted  weights  of 
variables. 

Remarks. 

Ground  coat  number. 

Flint. 

PbO. 

Adherence. 

Texture  of  cover 
enamels. 

R-l.           R-5. 

1 

Rg-5 

Per  cent. 

73.50 
69.90 
66.30 
62.70 

Per  cent. 
4.40 
8.00 
11.60 
15.20 

Rg-1 

Rg-6 

Rg-7 

1 

TABLE  3  D,— Effect  of  Varying  Boric  Oxide  and  Lead  Oxide  in  Ground  Coats. 

[Constant  portion  melted,  69.90  flint,  8.53  Na2Q.] 


Ground  coat  number. 


Melted  weights  of 
variables. 


B2O3. 


PbO. 


Remarks. 


Adherence. 


Texture  of  cover 
enamels. 


R-l. 


R-5. 


Rg-16 
Rg-17 
Rg-1. 
Rg-18 


Per  cent. 
21.57 
17.57 

13.57 
9.57 


Per  cent. 


4.00 
8.00 

12.00 


Good Few  pinholes. 

...do Good 

..  .do , do 

..  .do i do 


Good. 
Do. 
Do. 
Do. 
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TABLE  3  E. — Effect  of  Varying  Sodium  Oxide  and  Lead  Oxide  in  Ground  Coats. 

[Constant  portion  melted,  69.90  flint,  13.57  B2O3.; 


Melted  weights  of 
variables. 

Remarks. 

Ground  coat  number. 

NasO. 

PbO. 

Adher- 
ence. 

Texture  ot  cover  enamels. 

R-l. 

R-5. 

Per  cent. 
16.53 
12.53 
8.53 
4.53 

Per  cent. 

Good 

...do 

...do 
...do 

Many  pinholes.. 

Few  pinholes 

Good 

Many  pinholes. 

Rg  20 

4.00 
8.00 
12.00 

Few  pinholes. 

Good. 

Rg  21    

Few  pinholes. . . . 

Do. 

TABLE  3  F. — Effect  of  Varying  Flint  and  Feldspar  in  Ground  Coats. 

[Constant  portion  melted,  13.57  B2O3,  8.53  NaaO,  8.0  PbO.] 


Melted  weights  of 
variables. 

Remarks. 

Ground  coat  number. 

Flint. 

Feld- 
spar. 

Adher- 
ence. 

Texture  of  cover  enamel. 

R-l. 

R-5. 

Rg    1   

Per  cent. 
69.90 

Per  cent. 

Good..  .   . 

Good 

Good. 

104.8 
52.40 
87.50 
43.65 
69.90 
34.90 

34.90 

...do 

Rg    11                                                   

...do 

Rg-12 

34.90 

Fair 

Good 

Pinhole 

...do 

Pinhole. 

Rg-13                                                                  

Do. 

Rg    14                                                             

34.90 

...do 

...do 

Do. 

TABLE  3  G. — Effect  of  Varying  Sodium  Oxide  and  Flint  in  Ground  Coats. 

[Constant  portion  melted,  13.57  B2O3,  8.00  PbO.] 


Ground  coat  number. 


Melted  weights  of 
variables. 


Flint. 


NajO. 


Remarks. 


Adherence. 


Texture  of  cover  enamel. 


R-l. 


R-5. 


Rg-1.. 
Rg-22. 
Rg-23. 


Per  cent. 
69.90 
65.90 
61.90 


Per  cent. 
8.53 
12.53 
16.53 


Good. 
..do.. 
..do.. 


Good 

Many  pinholes. 
....do 


Good. 

Many  pinholes. 
Do. 


TABLE  3  H. — Effect  of  Varying  Boric  Oxide  and  Sodium  Oxide  in  Ground  Coats. 

[Constant  portion  melted,  69.90  flint,  8.00  PbO.] 


Melted  weights  of 
variables. 

Remarks. 

Ground  coat  number. 

BsOg. 

Na20. 

Adherence. 

Texture  of  cover  enamel. 

R-l. 

R-5. 

Rg-1 

Per  cent. 

13.57 
17.57 
9.57 

Per  cent. 
8.53 
4.53 
12.53 

Good 
...do 
...do 

Good 

Good. 

Rg-24 

Few  pinholes 

Good 

Do. 

Rg-25... 

Few  pinholes. 
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TABLE  3  I.— Effect  of  Varying  Boric  Oxide  and  Flint  in  Ground  Coats. 

[Constant  portion  melted,  8.5  3  Na20,  8.00  PbO.] 


Melted  weights  of 
variables. 

Remarks. 

Ground  coat  number. 

Flint. 

B:03. 

Adherence. 

Texture  of  cover  enamel. 

R-l. 

R-5. 

Rg-l 

Per  cent. 
69.90 
66.90 
62.70 

Per  cent. 

13.57 
17.17 
20.77 

Good 
...do... 
...do 

Good 

Good. 

Rg-26 

Few  pinholes 

do 

Do. 

Rg-27 

Few  pinholes. 

For  comparison  of  the  various  compositions  and  their  proper- 
ties, it  is  possible  to  group  the  ground  coats  according  to  variation 
in  the  melted  weights  as  shown  in  Tables  3  C  to  3  I,  inclusive. 

(a)  Replacement  of  Flint  by  Lead  Oxide. — Table  3  C 
shows  the  effect  of  replacement  of  flint  by  lead  oxide.  The  ad- 
herence of  the  ground  coat  apparently  is  benefitted  by  the  re- 
placements noted.  Rg-i,  with  70  per  cent  of  flint,  evidently 
contains  the  maximum  amount  of  flint  for  workable  ground  coats. 
The  more  fusible  cover  enamel,  R-5,  gave  best  results  with  this 
series  of  ground  coats.  The  refractory  cover,  R-i,  not  only 
tended  to  produce  blistering  of  the  ground  coat  in  the  firing  neces- 
sary to  give  the  enamel  desirable  gloss  and  finish,  but  portions  of 
the  overfused  ground  coat  were  absorbed  by  the  cover  enamel, 
causing  black  specks. 

(6)  Replacement  of  Lead  Oxide  by  Boric  Oxide. — As  a 
whole,  the  lead  oxide — boric  oxide  series  (Table  3  D) — gave  very 
good  results.  However,  in  Rg-16  with  the  replacement  of  all 
the  lead  oxide  by  boric  oxide,  there  was  a  tendency  of  the  ground 
coat  to  crawl  in  firing  and  for  the  boric  acid  to  crystallize  from 
the  enamel  if  the  latter  was  not  used  very  soon  after  milling. 
The  crawling  is  undoubtedly  due  to  the  higher  viscosity  im- 
parted by  excessive  boric  oxide.  This,  with  the  crystallization 
noted,  would  indicate  an  excess  of  boric  oxide  in  the  enamel. 

(c)  Replacement  of  Lead  Oxide  by  Sodium  Oxide. — Re- 
placing lead  oxide  with  sodium  oxide  (Table  3E)  gave  composi- 
tions which  had  a  decided  tendency  to  develop  pinholes.  Because 
of  the  unfavorable  results  further  studies  in  this  replacement  were 
not  considered. 

(d)  Replacement  of  Flint  by  Feldspar. — Table  3  F  shows 
the  effect  of  replacing  flint  by  feldspar.  In  Rg-9  and  10  three 
parts   of    feldspar  replaced   two   parts   of    flint.     This  was    the 
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fusibility  relation  of  feldspar  to  flint  suggested  by  Staley  3  for 
cast-iron  enamels.  In  Rg-9  all  the  flint  was  replaced  by  feldspar, 
and  in  Rg-10  half  of  the  flint  was  replaced  by  feldspar.  However, 
it  was  noted  that  substitutions  in  this  ratio  increased  the  refrac- 
toriness and  resulted  in  a  ground  coat  of  poor  adherence.  The 
ratio  of  5  to  4  was  employed  in  replacing  the  flint  by  feldspar  in 
Rg-11  and  12,  and  1  to  1  in  Rg-13  and  14.  Although  these  latter 
compositions  possessed  the  desired  fusibility,  there  was  a  decided 
tendency  for  the  cover  enamels  applied  to  these  grounds  to  form 
pinholes.  Feldspar,  because  of  its  alumina  content,  undoubtedly 
increased  the  viscosity  of  the  ground  coats  and  might  account  for 
the  tendency  of  these  compositions  high  in  feldspar  to  form  pin- 
holes, which  apparently  is  the  main  objection  to  its  substitution 
for  flint  in  ground  coats  of  the  type  studied. 

(e)  Replacement  of  Flint  by  Sodium  Oxide. — Increasing 
sodium  oxide  at  the  expense  of  flint  gave  poor  results,  as  the 
ground  coat  showed  many  pinholes  (Table  3  G) .  This  also  re- 
sulted in  unsatisfactory  covers.  For  this  type  of  ground  coat  it 
is  evident  that  the  limit  for  sodium  oxide  is  between  8.5  and  12.5 
per  cent. 

(/)  Replacement  of  Boric  Oxide  by  Sodium  Oxide. — When 
boric  oxide  was  replaced  by  sodium  oxide  (Table  3  H),  there  was 
some  slight  formation  of  pinholes,  but  fairly  good  results  were 
obtained  with  more  refractory  covers. 

(g)  Replacement  of  Flint  by  Boric  Oxide. — In  replacing 
flint  by  boric  oxide,  as  in  Table  3  I,  little  change  was  noted,  the 
results  corresponding  very  closely  to  Rg-i.  Excessive  boric  acid, 
however,  tended  to  increase  slightly  the  number  of  pinholes. 

4.  CONCLUSIONS  FROM  STUDY  OF  GROUND  COATS. 

Excessive  addition  of  raw  materials  to  the  mill  batch  is  to  be 
discouraged.  Clay  and  flint  as  mill  additions  give  the  best  results, 
although  the  limits  for  these  are  fairly  low.  Such  additions  as 
15  per  cent  of  clay  or  10  per  cent  each  of  clay  and  flint  should 
give  most  satisfactory  results. 

Sintering  of  the  ground  coats  is  recommended,  since  melting  of 
the  materials  to  a  glass  weakens  the  resultant  ground  coat. 
Excessive  additions  of  any  one  flux  were  not  desirable,  and  the  best 
results  were  obtained  when  sodium,  lead,  and  boric  oxides  were 
combined  in  their  proper  proportions.     Sodium  oxide  in  excess  of 
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Remfct^]  Wet-Process  Enamels  for  Cast  Iron.  707 

about  10  per  cent,  on  the  basis  of  melted  weights,  gave  rise  to 
blistering.  Boric  oxide  increased  the  firing  range  of  the  ground 
coats  and  was  preferable  to  lead  oxide  in  this  respect,  although 
it  tended  to  promote  crawling  of  those  ground  coats  high  in  boric 
oxide  if  they  were  applied  somewhat  heavily.  Lead  oxide  appar- 
ently is  a  very  desirable  flux  for  ground  coats  of  this  type.  Sub- 
stitutions of  lead  oxide  for  flint  proved  very  satisfactory,  for  they 
improved  the  adherence  to  the  castings  without  causing  crawling, 
as  in  the  case  of  boric  oxide,  or  pinholing,  as  in  the  substitutions 
of  sodium  oxide  for  the  refractories.  The  best  ground  coats, 
considering  both  adherence  of  the  enamel  and  texture  of  the 
cover  coats,  named  in  order,  were  Rg-16,  17,  1,  25,  and  18. 

IV.  EXPERIMENTAL  STUDY  OF  COVER  ENAMELS. 

In  view  of  the  results  obtained  with  the  cover  enamels  applied 
to  the  various  ground  coats,  it  was  decided  to  make  a  study  of  the 
effect  of  varying  composition  in  cover  enamels.  In  order  to 
bring  out  the  relation  of  the  ground  coats  and  cover  coats,  the 
latter  were  applied  to  each  of  three  different  types  of  ground  coat, 
namely,  a  high  lead,  a  medium  lead,  and  a  leadless  type,  or  Rg-7, 
Rg-i,  and  Rg-16,  in  the  latter  all  of  the  lead  oxide  being  replaced 
by  boric  oxide.  As  in  the  ground  coats  the  replacement  of  one 
oxide  by  another  was  adopted. 

1.  TYPES  OF  DEFECTS  ENCOUNTERED. 

In  varying  the  compositions  it  was  intended  to  bring  out  definitely 
the  effect  of  the  various  constituents  on  adherence  of  the  ground 
coat,  as  well  as  the  relation  of  the  latter  to  the  texture  and  opacity 
of  the  cover  enamels.  In  the  study  of  the  ground  coats  certain 
defects  developed  upon  the  application  of  cover  coats  which  appar- 
ently were  not  adapted  to  the  particular  ground  coats.  These 
consisted  mainly  of  black  specks,  lack  of  gloss,  and  small,  incipient 
pinholes.  The  black  specks  had  the  appearance  of  dirt  or  im- 
purities which  might  have  been  present  in  the  raw  material  or 
which  might  have  been  collected  in  the  preparation  of  the  enamel ; 
but  this  evidently  was  not  the  case,  as  the  trouble  was  avoided 
when  the  same  compositions  were  used  by  the  dry  process.  There- 
fore, it  was  believed  that  the  specking  was  due  to  the  longer  time 
required  in  melting  down  the  cover  enamels  by  the  wet  process, 
whereby  the  ground  coat  became  overtired,  and  small  particles  of 
it  were  dissolved  by  the  cover  enamel,  resulting  in  dark  specks. 
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Open  pinholes  on  the  surface  of  the  enamels  could  in  most  cases 
be  closed  over  by  increasing  the  length  of  firing.  There  still  re- 
mained, however,  small  incipient  pinholes  in  the  covers  which 
could  not  be  entirely  eliminated.  The  lack  of  opacity  in  these 
cover  enamels  was  caused  by  solution  of  the  opacifying  agents 
and  volatilization  of  the  fluorides.  This  naturally  would  be  ex- 
pected to  occur  when  an  unreasonable  length  of  time  of  firing  was 
required  to  obtain  the  desired  texture  as  compared  with  the  time 
for  fusing  these  cover  coats  when  used  in  the  dry  process. 

2.  BASIC  COMPOSITIONS  FOR  STUDY. 

It  was  therefore  evident  that  in  order  to  obtain  desirable  re- 
sults it  would  be  necessary  to  accept  several  basic  compositions 
and  make  such  substitutions  in  these  as  might  be  expected  to  de- 
velop commercial  enamels. 

As  a  basis  for  this  work  two  types  of  enamel  were  chosen — R-i, 
a  medium  refractory  composition;  and  R-7,  which  was  compara- 
tively fusible.  All  cover  enamels  were  smelted  in  the  usual  way 
and  the  frit  was  milled  with  5  per  cent  of  Johnson-Porter  clay, 
8  per  cent  tin  oxide,  and  45  per  cent  of  water. 

Cover  composition,  R-i,  was  a  rather  refractory  enamel  con- 
taining feldspar  and  quartz  but  comparatively  low  in  boric  oxide, 
while  R-7  was  a  more  fusible  composition,  containing  feldspar 
and  a  high  content  of  boxic  oxide  but  no  quartz.  These  composi- 
tions were  also  selected  to  bring  out  any  relation  between  ground 
costs  and  cover  enamels;  that  is,  whether  a  high  boric  oxide  type 
could  be  expected  to  give  better  results  with  a  ground  coat  high 
in  boric  oxide. 

TABLE  4  A.— White  Cover  Enamels  of  Series  4. 


Enamel  number 

Melted  composition  of  frits. 

Feldspar. 

Flint. 

B2O3. 

Na20. 

PbO. 

ZnO. 

CaF2. 

Cryolite. 

R-l 

Per  cent. 
38.0 
33.0 
28.0 
23.0 
33.0 

28.0 
23.0 
38.0 
38.0 
38.0 

38.0 
33.0 
23.0 
35.0 
30.5 

Per  cent. 
12.0 
12.0 
12.0 
12.0 
12.0 

12.0 
12.0 
12.0 
12.0 
12.0 

12.0 
12.0 
12.0 
12.0 

12.0 

Per  cent. 

9.0 
14.0 
19.0 
24.0 

9.0 

9.0 
9.0 
4.0 
14.0 
19.0 

24.0 
9.0 
9.0 
9.0 
9.0 

Per  cent. 
8.5 
8.5 
8.5 
8.5 
8.5 

8.5 
8.5 
8.5 
8.5 
8.5 

8.5 
8.5 
8.5 
8.5 
8.5 

Per  cent. 
16.0 
16.0 
16.0 
16.0 
21.0 

26.0 
31.0 
21.0 

11.0 
6.0 

1.0 
16.0 
16.0 
16.0 
16.0 

Per  cent. 

6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.0 

Per  cent. 
5.5 
5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 

5.5 

5.5 
5.5 
5.5 
5.5 
5.5 

Percent. 

5.0 

R-8 

5.0 

R-9 

5.0 

R-10 

5.0 

R-ll 

5.0 

R-12 

5.0 

R-13 

R-14 

5.0 
5.0 

R-15 

5.0 

R-16 

5.0 

R-17 

5  0 

R-18 

10.0 

R-19 

15.0 

R-18a 

7.5 

R-19a 

12.5 

Danielscml 
Reinecker  J 


Wet-Process  Enamels  for  Cast  Iron. 
TABLE  4  B.— White  Cover  Enamels  of  Series  4. 


roa 


Enamel 
No. 

Batch  compositions  for  100  parts  of  melted  frit. 

Feld- 
spar. 

Flint. 

Borax. 

Sodium 
nitrate. 

Soda 
ash. 

Red 

lead. 

Zinc 
oxide. 

Fluor- 
spar. 

Cryo- 
lite. 

Boric 
acid. 

R-1 

R-8 

38.0 
33.0 
28.0 
23.0 
33.0 

28.0 
23.0 
38.0 
38.0 
38.0 

38.0 
33.0 
28.0 
35.5 

30.5 

tsjt-ot^rvirj       to  Co  K>  t>o  ts»       k>  k>  in>  t\j  K» 
ooooo      ooooo      ooooo 

24.52 
38.14 
38.14 
38.14 
24.52 

24.52 
24.52 
10.90 
38.14 
38.14 

38.14 
24.52 
24.52 
24.52 
24.52 

6.20 
6.35 
6.35 
6.35 
6.20 

6.20 
6.20 
6.20 
6.35 
6.35 

6.35 
6.20 
6.20 
6.20 

6.20 

3.86 

16.42 
16.42 
16.42 
16.42 
21.60 

26.70 

31.80 

21.60 

11.30 

6.20 

1.03 
16.42 
16.42 
16.42 
16.42 

6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.0 

5.5 
5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 
5.5 

5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
10.0 
15.0 

7.5 
12.5 

R-9 

8.85 

R-10 

17.70 

R-ll 

R-12 

R-13 

R-14 

R-15 

3.85 

3.86 
3.86 
7.70 

R-16 

8  85 

R-17 

17.75 

R-18 

R-19 

R-18a 
R-19a 

3.86 
3.86 
3.85 
3.86 

TABLE  4  C. — Effect  of  Varying  Feldspar  and  Boric  Oxide  in  White  Cover  Enamels. 

[Constant  portion  melted,  12  SiOo,  8.5  Na20,  6  ZnO,  5.5  CaF2,  5  cryolite.] 


Melted  weights 
of  variables. 

Remarks. 

Enamel 
No. 

Feldspar.      B203 

Rg-1 

Rg-7 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R-1 

R-8 

Per  cent.  Per  cent. 
38. 0              9. 0 
33.0            14.0 
28.0             19.0 

23.0            24.0 

Good 

do 

Slight 

crawling. 
Badly 

crawled. 

Good... 

...do 

...do 

Good 

1 do 

Slight 

crawling. 
Badly 

crawled. 

Good... . 
...do 

Good 

Good. 
Do. 

R-9 

R-10 

Fair 

Slight 
crawling. 

Badly 
crawled. 

Do. 

TABLE  4  D. — Effect  of  Varying  Feldspar  and  Lead  Oxide  in  White  Cover  Enamels. 

[Constant  portion  melted,  12  Si02,  9  B203,  8.5  Na20,  6  ZnO,  5.5  CaF2,  5  cryolite.] 


Melted  weights 
of  variables. 

Remarks. 

Enamel 
No. 

Feldspar. 

PbO. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R-1 

R-ll 

R-12 

Per  cent. 
38.0 
33.0 

28.0 
23.0 

Per  cent. 
16.0 

21.0 

26.0 
31.0 

Good 

do 

do 

Good... . 
...do 

...do 

Good 

Few       pin- 
holes. 
do 

Good.. . 
...do 

Fair 
...do.... 

Good 

1  B   1   a  c   k 
specks. 

! do 

Many    pin- 
holes. 

Good. 
Do. 

Do. 

R-13 

Few       pin- 
holes. 

Fair 

....do 

Fair. 
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TABLE  4  E. — Effect  of  Varying  Boric  Oxide  and  Lead  Oxide  in  White  Cover  Enamels. 
[Constant  portion  melted,  38  feldspar,  12  Si02,  8.5  Na20,  6  ZnO,  5.5  CaF2,  5  cryolite.] 


Melted  weights 
of  variables. 

Remarks. 

Enam- 
el No. 

B2O3. 

PbO. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R-14 

Per  cent. 
4.0 
9.0 
14.0 
19.0 
24.0 

Per  cent. 
21.0 
16.0 
11.0 
6.0 
1.0 

Good 

Good.... 

...do 

...do 

...do 

...do 

Good 

Good... 
...do.... 
...do.... 
...do.... 
...do.... 

Good 

Good. 

R-1.... 
R-15... 

R-16... 
R  17 

do 

do 

Slight  crawling 
Crawled 

do 

do 

Slight  crawling 

do 

Black  specks . . 
Slight  crawling 
Crawled 

Do. 
Do. 
Do. 
Do. 

TABLE  4  F. — Effect  of  Varying  Feldspar  and   Cryolite  in  White  Cover  Enamels. 
[Constant  portion  melted,  12  Si02,  9  B2O3,  8.5  Na20,  16  PbO,  6  ZnO,  5.5  CaF2.] 


Melted  weights 
of  variables. 

Remarks. 

Enamel 
No. 

Feldspar. 

Cryolite. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R-1       .   . 
R-13a.... 

R-18 

R-19a.... 
R-19...   . 

Per  cent. 

38.0 
35.5 
33.0 
30.5 
28.0 

Per  cent. 
5.0 
7.5 
10.0 
12.5 
15.0 

Good.... 

...do 

...do 

...do 

Good 

do 

Very  good.. 
do 

Good.... 

...do 

...do 

...do 

Good 

do 

Very  good . . 

do 

do 

Good. 

do 

do 

Black  specks. . 
do 

Do. 
Do. 
Do. 
Do. 

In  Tables  4  A  and  B  and  Tables  5  A  and  B  are  shown  the 
melted  and  batch  weights  of  the  compositions  studied.  These 
compositions  can  be  grouped  in  series  showing  definite  variations 
in  composition,  as  shown  in  Tables  4  C  to  F  for  enamels  R-8  to 
19,  based  on  R-i,  and  Tables  5  C  to  G  for  enamels  R-20  to  35, 
which  are  based  on  R-7. 

The  compositions  based  on  R-i  have  flint,  sodium  oxide,  zinc 
oxide,  and  fluorspar  constant,  since  these  were  present  in  amounts 
usually  required  for  satisfactory  cover  enamels.  The  flint  was 
not  replaced,  as  the  refractoriness  was  varied  in  the  different 
compositions  by  replacing  the  feldspar.  Six  per  cent  of  zinc 
oxide  in  a  composition  is  about  the  usual  amount  contained  in 
cast-iron  cover  enamels.  •  An  increase  of  this  amount  would 
induce  crawling,  while  decreasing  it  would  lessen  the  opacity  of 
the  enamel.  An  excessive  amount  of  sodium  oxide  in  the  cover 
enamels  produced  pinholes.  Sufficient  sodium  oxide  was  re- 
served in  each  composition  to  give  about  5  per  cent  of  sodium 
nitrate  in  the  batch,  which  is  necessary  to  prevent  reduction  of 
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the  lead  compounds.     The  maximum  amount  of  fluorspar  usually 
added  in  cast-iron  enamels  is  about  6  per  cent. 

For  the  reasons  stated  above  the  compounds  of  sodium  oxide, 
zinc  oxide,  and  fluorspar  in  the  compositions  based  on  R-7  were 
not  varied,  and  since  lead  oxide  and  boric  oxide  were  the  prinicpal 
fluxes  it  was  not  thought  necessary  to  vary  the  amount  of  barium 
oxide. 

3.  EFFECT  OF  VARYING  FRIT  COMPOSITIONS  ON  ENAMEL  R-l. 

(a)  Replacement  of  Feldspar  by  Boric  Oxide. — As  shown 
in  Table  4  C,  with  boric  oxide  increased  at  the  expense  of  feld- 
spar, the  results  were  not  very  favorable  because  of  the  decided 
tendency  of  the  enamel  to  crawl  or  bead.  An  increase  of  5  per 
cent  of  boric  oxide  over  that  for  R-i,  as  in  R-8,  gave  results 
similar  to  R-i .  Although  the  enamel  did  not  show  any  tendency 
to  crawl,  the  incipient  pinholes  were  not  entirely  avoided.  Fur- 
ther increases  in  boric  oxide  improved  the  texture  of  the  enamel 
but  increased  the  tendency  to  crawling  when  applied  in  a  suffi- 
ciently heavy  coat  to  give  the  desired  opacity.  In  cover  enamel, 
R-10,  the  crawling  was  so  increased  that  the  enamel  failed  to 
cover  the  casting  properly. 

It  will  be  noted  that  in  lowering  the  refractoriness  of  the 
enamels  by  increasing  the  boric  oxide  the  pinholes  became  fewer 
when  these  cover  enamels  were  applied  to  the  more  fusible  ground 
coats.  The  opacity  was  also  improved,  but  some  crawling  oc- 
curred. From  these  results  it  was  decided  that  14  per  cent  of 
boric  oxide  was  practically  the  limit  in  this  particular  type  of 
composition  in  order  to  produce  an  enamel  of  the  proper  working 
qualities. 

(b)  Replacement  of  Feldspar  by  Lead  Oxide. — The  effect 
of  increasing  lead  oxide  at  the  expense  of  feldspar,  as  noted  in 
Table  5  D,  gave  some  very  interesting  and  instructive  results  which 
show  more  definitely  the  relation  between  cover  enamels  and  the 
different  types  of  ground  coats.  The  data  indicated  the  most 
suitable  cover  compositions  for  each  individual  ground  coat  and 
appeared  to  support  the  assumption  made  in  the  preliminary 
study  of  this  investigation.  These  compositions,  on  the  whole, 
gave  very  good  results.  However,  it  was  noted  that  certain 
samples  were  not  satisfactory,  owing  to  the  appearance  of  black 
specks  and  the  lack  of  opacity. 

It  was  indicated  that  varying  results  could  be  expected  with  a 
particular  cover  coat,  depending  on  the  properties  of  the  ground 
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coat  over  which  it  had  been  applied.  It  will  therefore  be  neces- 
sary in  discussing  the  results  obtained  with  the  cover  coats  to  con- 
sider the  ground  coats  which  had  been  used. 

The  best  results  obtained  with  R-n,  containing  21  per  cent  of 
lead  oxide,  were  in  connection  with  Rg-i  ground  coat.  This  com- 
bination appeared  to  give  consistent  results  on  a  number  of  trials 
requiring  apparently  the  same  length  of  time  to  melt  it  down. 
The  same  composition  with  Rg-7  and  16  showed  a  tendency  to 
form  pinholes  and  to  develop  black  specks,  probably  due  to  the 
ground  coat  overfiring  before  the  cover  had  matured.  Cover 
enamel  R-12,  containing  26  per  cent  of  lead  oxide,  gave  very  good 
results  with  both  Rg-i  and  16,  but  no  improvement  over  the  com- 
bination of  cover  enamel  R-i  and  ground  coat  Rg-i  could  be 
observed. 

Covers  R-n  or  12  in  connection  with  the  use  of  ground  Rg-i 
gave  practically  the  same  results  with  the  exception  of  a  slight 
decrease  of  opacity  in  R-12.  With  31  per  cent  of  lead  oxide,  as 
in  R-13,  pinholes  were  encountered,  this  cover  giving  best  results 
with  ground  coat  Rg-7.  With  ground  coat  Rg-i  a  few  pinholes 
were  observed. 

The  data  given  above  show  that  the  cover  enamels  should  be 
fusible  enough  to  flow  down  sufficiently,  regardless  of  the  com- 
position of  the  ground  coat.  An  excessive  amount  of  lead  oxide 
in  the  cover  coats  used  on  medium-hard  ground  coats  results  in 
pinholes.  It  is  believed  that  the  fusion  point  of  ground  coats  and 
cover  enamels  should  bear  a  close  relation  to  each  other,  the  best 
results  being  obtained  when  the  ground  is  slightly  the  more  refrac- 
tory of  the  two. 

(c)  Replacement  of  Lead  Oxide  by  Boric  Oxide. — The 
results  obtained  in  replacing  lead  oxide  by  boric  oxide  (Table  4  E) 
were  not  as  satisfactory  as  in  the  previous  series.  This  variation 
maintained  the  refractoriness  of  the  composition  practically  con- 
stant. The  results  showed  clearly  that  neither  of  the  two  fluxes 
could  be  eliminated  in  the  composition,  as  each  gave  certain  neces- 
sary desirable  properties  in  the  enamel.  In  R-14,  with  5  per  cent 
of  boric  oxide  replaced  by  lead  oxide,  little  difference  in  opacity 
was  noted  over  that  of  R-i.  This  enamel  had  a  good  texture, 
and  consistent  results  were  obtained  with  a  number  of  samples. 
It  was  apparent  that  the  effect  of  replacing  boric  oxide  with  lead 
oxide  was  more  satisfactory  than  that  of  replacing  feldspar  by  lead 
oxide,  as  the  elasticity  of  the  enamel  was  increased,  permitting 
the  application  of  a  heavier  coat.     Crawling  increased  with  the 
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increase  of  boric  oxide.  Enamel  R-15,  in  which  5  per  cent  of  lead 
oxide  was  replaced  by  boric  oxide,  gave  good  results  with  ground 
coat  Rg-i,  as  regards  texture  and  opacity.  The  substitution  of 
boric  oxide  for  lead  oxide  slightly  increased  the  refractoriness  of 
the  enamel  and  offered  further  evidence  that  the  melting  points 
of  both  compositions  should  be  about  the  same,  because  R-15, 
with  both  Rg-7  and  Rg-16,  had  a  decided  tendency  to  produce 
black  specks.  Very  poor  results  were  obtained  with  both  R-16 
and  R-17  in  connection  with  the  use  of  the  three  different  ground 
coats.  Crawling  increased  in  proportion  to  the  increase  of  boric 
oxide.  In  order  to  prevent  crawling  with  these  enamels,  it  would 
be  necessary  to  apply  them  in  such  thin  applications  that  the 
opacity  would  be  lacking. 

(d)  Replacement  of  Feldspar  by  Cryolite. — As  shown  in 
Table  4  F,  where  feldspar  was  replaced  by  cryolite,  the  results 
obtained  were  very  satisfactory  considering  both  texture  and 
opacity.  The  advantage  of  replacing  feldspar  by  cryolite  rather 
than  the  replacement  of  feldspar  by  lead  oxide  was  the  increase 
of  opacity  as  well  as  the  fusibility  of  the  composition.  Replacing 
5  per  cent  of  the  feldspar  by  cryolite  gave  very  good  results 
with  the  three  different  types  of  ground  coats,  but  when  10  per 
cent  of  feldspar  was  replaced  by  cryolite  the  results  were  not  so 
favorable,  pinholes  being  apparent  in  the  cover  enamels  used  with 
both  Rg-i  and  Rg-16.  Aside  from  this  feature  it  was  noted  that 
this  enamel  had  a  slight  tendency  to  crawl  when  applied  rather 
heavily.  R-i8a,  with  7.5  per  cent  of  feldspar  replaced  by  cryolite, 
gave  results  similar  to  those  of  R-18,  while  in  R-ioa,  with  12.5 
per  cent  of  feldspar  replaced  by  cryolite,  the  same  trouble  was 
incurred  as  in  R-19,  with  a  further  increase  of  cryolite  to  15  per 
cent.  The  above  results  indicate  that  cryolite  would  not  exceed 
10  per  cent  to  give  the  most  satisfactory  results  in  cover  enamels 
of  this  type. 

4.  EFFECT  OF  VARYING  FRIT  COMPOSITIONS  ON  ENAMEL  R-7. 

When  using  R-7  as  a  basic  composition  the  results  obtained 
by  the  various  substitutions  were  not  as  satisfactory  in  their 
entirety  as  those  in  the  previous  series  because  of  the  lack  of 
opacity.  However,  several  good  compositions  were  developed, 
and  the  work  showed  definitely  the  different  effects  on  cover 
enamels  of  this  type  when  the  same  substitutions  were  made  as 
in  the  previous  series.     As  the  basic  composition  R-7  was  con- 
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siderably  more  fusible  than  R-i,  the  results  with  enamels  in 
which  the  feldspar  content  remained  constant  or  was  increased 
proved  more  favorable  than  with  enamels  in  which  feldspar  was 
decreased  below  the  percentage  of  feldspar  in  the  base  enamel. 

(a)  Replacement  of  Boric  Oxide  by  Feldspar. — Enamel 
R-20  (Table  5  A) ,  in  which  the  feldspar  was  increased  5  per  cent  at 
the  expense  of  boric  oxide,  gave  good  results  with  ground  coats 
Rg-i  and  7,  although  the  opacity  was  not  exceptionally  good  in 
either  case.  Increasing  the  feldspar  10  per  cent  at  the  expense 
of  the  boric  oxide  gave  good  results  with  the  three  different  types 
of  ground  coats.  The  opacity  was  not  improved  over  R-20, 
and  in  certain  specimens  there  was  a  tendency  to  form  black 
specks,  the  latter  fact  indicating  that  the  cover  enamel  was  too 
refractory  for  the  different  ground  coats.  Increasing  the  boric 
oxide  5  per  cent  at  the  expense  of  feldspar,  as  in  cover  R-22, 
affected  the  properties  of  the  composition  as  might  be  expected 
from  the  results  obtained  from  R-20  and  21.  This  enamel, 
used  with  Rg-i  and  16,  had  poor  texture  and  opacity.  When 
used  with  Rg-7  the  enamel  was  free  from  black  specks,  but  the 
opacity  was  not  improved.  Apparently  the  best  combination 
obtained  from  this  study  was  R-20  used  in  connection  with  ground 
coat  Rg-i. 

(b)  Replacement  of  Lead  Oxide  by  Feldspar. — In  Table 
5  D  is  shown  a  series  with  lead  oxide  replaced  by  feldspar.  The 
results  obtained  were  fairly  satisfactory  as  to  texture,  but  opacity 
was  lacking  throughout  the  whole  series.  With  these  various 
substitutions  Rg-i  appeared  to  be  the  most  suitable  ground  coat. 
Increasing  the  lead  oxide  bettered  the  texture  with  enamels 
applied  on  ground  coat  Rg-i ;  however,  a  decrease  of  opacity  was 
noticed  as  the  lead  oxide  was  increased. 

Replacing  5  per  cent  of  lead  oxide  with  feldspar  gave  an  enamel 
having  good  texture  with  either  of  the  three  types  of  grounds, 
but  in  each  case  opacity  was  lacking.  Increasing  feldspar  10 
per  cent  at  the  expense  of  lead  oxide  further  decreased  the  opacity 
and  caused  the  formation  of  pinholes  when  these  cover  enamels 
were  used  over  the  softer  ground  coats. 

Replacing  the  feldspar  by  lead  oxide  gave  rather  poor  results 
with  Rg-7  and  16.  Pinholes  were  formed  and  the  opacity  de- 
creased proportionally  with  the  increase  of  lead  oxide.  It  was 
noted  that  the  same  composition  used  with  Rg-i  gave  enamels 
with  fairly  good  texture. 
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Melted  composition  of  frits. 

Enamel  number. 

Feld- 
spar. 

B2O3. 

Na20. 

PbO. 

ZnO. 

BaO. 

CaF2. 

Cryo- 
lite. 

R-7 

Per  cent. 
40.0 
45.0 
50.0 
35.0 
45.0 

50.0 
35.0 
30.0 
25.0 

40.0 
40.0 
40.0 
40.0 

35.0 
30.0 
40.0 
40.0 

Per  cent. 
20.0 
15.0 
10.0 
25.0 
20.0 

20.0 
20.0 
20.0 
20.0 

25.0 
15.0 
10.0 
5.0 

20.0 
20.0 
15.0 
10.0 

Per  cent. 
11.0 
11.0 
11.0 
11.0 
11.0 

11.0 
11.0 
11.0 
11.0 

11.0 
11.0 
11.0 
11.0 

11.0 
11.0 
11.0 
11.0 

Per  cent. 
15.0 
15.0 
15.0 
15.0 
10.0 

5.0 
20.0 
25.0 
30.0 

10.  J 
20.0 
25.0 
30.0 

15.0 
15.0 
15.0 
5.0 

Per  cent. 

5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
5  0 
5.0 

5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
5.0 
5.0 

Per  cent. 
3.5 
3.5 
3.5 
3.5 
3.5 

3.5 
3.5 
3.5 
3.5 

3.5 
3.5 
3.5 
3.5 

3.5 
3.5 
3.5 
3.5 

Per  cent. 
5.5 

5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 

5.5 
5.5 

5.5 
5.5 

5.5 
5.5 
5.5 

5.5 

Per  cent. 

R-20 

R-21 

R-22 

R-23 

R-24 

R-25 

R-26 

R-27... 

R-28 

R-29 

R-30 

R-31... 

R-32 

5.0 

R-33 

10.0 

R-34 

5.0 

R-35 

10.0 

TABLE  5  B.— White-Cover  Enamels  of  Series  5. 


Batch  compositions  for  100  parts  of  melted  frit. 

Enamel 
number. 

Feld- 
spar. 

Borax. 

Sodium 
nitrate. 

Soda 
ash. 

Red 
lead. 

Zinc 
oxide. 

Barium 
carbon- 
ate. 

Fluor- 
spar. 

Cryo- 
lite. 

Boric 
acid. 

R  7 

40.0 
45.0 
50.0 
35.0 
45.0 

50.0 

35.0 
30.0 
25.0 

40.0 
40.0 
40.0 
40.0 

35.0 
30.0 
40.0 
40.0 

24.52 

41.0 

27.3 

54.5 

54.5 

54.5 
54.5 
54.5 
54.5 

54.5 
41.0 
27.3 
13.6 

54.5 
54.5 
41.0 
27.3 

5.95 

5.95 
5.95 
5.95 
5.95 

5.95 

5.95 
5.95 
5.95 

5.95 

5.95 
5.95 
5.95 

5.95 
5.95 
5.95 
5.95 

15.4 
15.4 
15.4 
15.4 
10.3 

5.15 
20.6 
25.7 
30.9 

10.3 
20.6 
25.7 
30.9 

15.4 
15.4 
15.4 
15.4 

5.0 
5.0 
5.0 

5.0 
5.0 

5.0 
5.0 
5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

5.0 
5  0 

4.5 
4.5 
4.5 
4.5 
4.5 

4.5 
4.5 
4.5 
4.5 

4.5 
4.5 
4.5 
4.5 

4.5 
4.5 
4.5 
4.5 

5.5 
5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 

5.5 
5.5 
5.5 
5.5 

R  20 

3.73 
7.55 

R  21 

8.85 

R-22.... 



R-23... 

R-24.... 

R-25  ... 

R-26 

R-27 

R  28 

8.85 

R  29 

3.73 
7.55 
11.30 

R  30 

R  31 

R-32  ... 

5.0 
10.0 

5.0 
10.0 

R-33.  .. 

R-34 

R-35 

3.73 
7.55 

TABLE  5  C. — Effect  of  Varying  Feldspar  and  Boric  Oxide  in  White-Cover  Enamels, 

Based  on  R-7. 

[Constant  portion  melted,  11  Na20,  15  PbO,  5  ZnO,  3.5  BaO,  5.5  CaF2.] 


Melted  weights  of 
variables. 

Remarks. 

Enamel 
number. 

Feldspar. 

B2O3. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Per  cent. 
50.0 
45.0 
40.0 
35.0 

Per  cent. 
10.0 
15.0 
20.0 
25.0 

Fair  ,... 

...do 

...do 

Poor 

Good.... 

...do 

...do 

...do 

Fair,     .. 

...do 

...do 

...do 

Fair. 

R-20    , 
R-7 
R-22 .... 

do 

do 

Black  specks.. 

do 

do 

Black  specks.. 

Do. 
Good. 
Poor. 
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TABLE  5  D. — Effect  of  Varying  Feldspar  and  Lead  Oxide  in  White-Cover  Enamels. 

[Constant  portion  melted,  20  B205,  11  Na:0,  5  ZnO,  3.5  BaO,  5.5  CaF2.] 


Melted  weights  of 
variables. 

Remarks. 

Enamel  number. 

Feldspar. 

PbO. 

Rg 

-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R-24 

Per  cent. 
50.0 
45.0 
40.0 
35.0 
30.0 
25.0 

Per  cent. 
5.0 
10.0 
15.0 
20.0 
25.0 
30.0 

Good 

...do 

...do 

...do    ,   . 

...do 

...do 

Fair 

...do 

...do 

Poor 

...do 

...do 

Good.... 

...do 

...do 

...do 

...do 

...do 

Fair 

...do 

...do 

Good.... 

...do 

...do 

...do 

Fair. 

R-23 

Do. 

R-7 

Do. 

R-25 

R-26 

...do 

...do 

...do 

...do 

Do. 

R-27 

Do. 

TABLE  5  E. — Effect  of  Varying  Boric  Oxide  and  Lead  Oxide  in  White-Cover  Enamels. 

[Constant  portion  melted,  40  feldspar,  11  Na20,  5  ZnO,  3.5  BaO,  5.5  CaF;.] 


Melted  weights 
of  variables. 

Remarks. 

Enamel 
num- 
ber. 

B2O3. 

PbO. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R  28 

Per  ct. 
25.0 

20.0 
15.0 
10.0 
5.0 

Per  ct. 
10.0 
15.0 
20.0 
25.0 
30.0 

Gcod 

Good.... 
Fair 

Good 

Good... 
Fair 

Good 

Good. 

R  7 

do 

do 

do 

Do. 

R-29... 
R-30... 
R-31 . . . 

do 

do 

Many  pinholes 

...do 

...do 

...do 

do 

Few  pinholes. 
Many  pinholes 

...do.... 
...do.... 
...do.... 

Black  specks.. 
Few  pinholes. 
Many  pinholes 

Do. 

Fair. 

Do. 

TABLE  5  F. — Effect  of  Varying  Feldspar  and   Cryolite  in  White-Cover  Enamels. 
[Constant  portion  melted,  20  B2O3,  11  Na20,  15  PbO,  5  ZnO,  3.5  BaO,  5.5  CaF2.] 


Melted  weights 
of  variables. 

Remarks. 

Enamel 
num- 
ber. 

Feld- 
spar. 

Cryo- 
lite. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R  7 

Per  ct. 

40.0 
35.0 
30.0 

Per  ct. 

Good 

Fair 
...do 
Poor .... 

Good 

Fair 

Good 

Good. 

5.0 
10.0 

Fine  pinholes. 

Crawled;  few 

pinholes. 

Black  specks. . 

Crawled  ; 
many  pin- 
holes. 

do 

R-33... 

...do.... 

Crawled  ; 
black  specks. 

Do. 

TABLE  5  G. — Effect  of  Varying  Boric  Oxide  and  Cryolite  in  White-Cover  Enamels. 

[Constant  portion  melted,  40  feldspar,  11  Na20,  15  PbO,  5  ZnO,  3.5  BaO,  5.5  CaF2.] 


Melted  weights 
of  variables. 

Remarks. 

Enamel 
num- 
ber. 

B2O3. 

Cryo- 
lite. 

Rg-1. 

Rg-7. 

Rg-16. 

Texture. 

Opacity. 

Texture. 

Opacity. 

Texture. 

Opacity. 

R-7 

Per  ct. 

20.0 
15.0 

Per  ct. 

Fair 
...do 

Good 

Fair 

...do.... 

Good 

Good. 

R-34... 

5.0 
10.0 

.do 

Crawled 

Few  pinholes.. 
do 

Fair. 

Many  pinholes 

Few  pinholes.. 

Foor 
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From  the  data  given  above  it  was  decided  that  a  high  content 
of  lead  oxide  decreased  the  opacity  of  the  enamel.  Cover  R-23, 
when  used  with  ground  Rg-i,  apparently  gave  the  best  results  of 
any  enamel  in  this  series. 

(c)  Replacement  of  Boric  Oxide  by  Lead  Oxide. — Replacing 
lead  oxide  by  boric  oxide  (Table  5  E)  produced  enamels  having 
more  desirable  properties  than  those  obtained  in  the  previous 
series  based  on  enamel  R—  7.  The  most  satisfactory  composition 
developed  in  this  series  was  R-28.  The  properties  of  this  enamel 
were  such  that  good  results  were  obtained  with  the  three  different 
types  of  ground  coats. 

Cover  enamel  R-28  contained  25  per  cent  of  boric  oxide.  This 
amount  is  unusually  high,  but  for  this  particular  type  of  enamel  a 
high  boric-oxide  content  gave  the  best  results  as  regards  opacity. 
However,  it  was  noted  that  more  care  was  required  in  the  manipu- 
lation, as  a  composition  of  this  kind  is  more  liable  to  crawl  than  the 
lead  type.  Increasing  the  lead  oxide  at  the  expense  of  boric  oxide, 
as  in  compositions  R-29,  30,  and  31,  produced  enamels  with  lower 
viscosity.  However,  many  of  the  trials  developed  pinholes  and 
black  specks,  and  these  defects  were  noticeable  when  any  of  the 
three  types  of  ground  coats  was  used.  The  opacity  was  decidedly 
decreased  with  the  increase  of  lead  oxide,  and  with  increase  of  15 
per  cent  the  enamel  approached  the  transparency  of  a  clear  glass. 

(d)  Replacement  of  Feldspar  by  Cryolite. — The  replace- 
ment of  feldspar  by  cryolite  (Table  5  F)  in  this  type  of  enamel  did 
not  prove  very  successful.  The  most  serious  objection  was  crawl- 
ing, while  the  texture  and  opacity  were  not  improved  to  any 
noticeable  extent. 

The  fact  that  cryolite  had  vastly  different  effects  in  the  two 
types  of  basic  enamels  shows  rather  definitely  that  a  general 
statement  can  not  be  made  as  to  its  effect  in  different  types  of 
compositions. 

The  lack  of  opacity  in  the  enamels  containing  the  greater  pro- 
portions of  cryolite  may  be  due  to  the  increased  fusibility  of  the 
enamels,  probably  allowing  easy  volatilization  of  the  fluorine  and 
solution  of  the  opacifying  agents. 

It  was  also  noted  that  in  increasing  cryolite  at  the  expense  of 
feldspar  and  boric  oxide,  crawling  of  the  enamel  occurred. 

(e)  Replacement  of  Boric  Oxide  by  Cryolite. — The  replace- 
ment of  boric  oxide  by  cryolite  (Table  5  G),as  in  R-34  and  35, 
gave  results  which  were  very  similar  to  those  obtained  with  R-32 
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and  33.  The  enamels  had  a  decided  tendency  to  crawl,  and  the 
texture  was  not  satisfactory  when  either  composition  was  used 
with  any  of  the  three  different  types  of  ground  coats. 

It  will  be  noted  that  quite  different  results  were  obtained  by 
varying  the  same  constituents  in  the  composition  of  R-i  and  7. 
The  most  appreciable  difference  was  noted  when  the  effect  of 
cryolite  in  these  compositions  was  studied.  The  same  amount  of 
boric  oxide  in  the  two  compositions  gave  decidedly  different 
results.  It  is  evident  that  the  limit  for  boric  oxide  is  higher  in  the 
case  of  the  more  fusible  enamels.  This  may  be  due  to  the  fact 
that  the  refractory  enamels  are  comparatively  viscous,  and  this 
property  is  emphasized  by  the  additions  of  such  a  substance  as 
boric  oxide. 

The  different  effects  in  the  two  compositions  show  rather 
definitely  that  the  effects  of  boric  oxide  and  cryolite  can  be  stated 
only  in  relation  to  a  definite  composition. 

V.  GENERAL    CONCLUSIONS    FROM    STUDY    OF   ENAMELS 
WITH  GROUND  COATS. 

It  is  apparent  from  this  investigation  that  all  ground-coat 
compositions  are  not  necessarily  suitable  for  both  the  dry  and  wet 
process,  although  certain  compositions  seem  to  be  satisfactory 
when  used  for  either  type  of  cover  enamel. 

The  preparation  of  ground  coats  for  the  wet  process  seems  to 
require  considerably  more  care  than  is  necessary  in  dry-process 
enameling  of  cast  iron.  Sintering  of  the  ground-coat  frit  is  recom- 
mended, since  melting  of  the  materials  to  a  glass  lowers  the  power 
of  adherence  of  the  ground  coat  to  the  iron.  This  was  true  of  all 
compositions  studied,  regardless  of  their  fusibility  when  applied 
to  the  casting ;  that  is,  whether  they  melted  to  a  glassy  coating  or 
retained  the  dull  matt  appearance  of  true  sintered  ground  coats. 

Excessive  additions  of  raw  materials  to  the  mill  batch  for  ground 
coats  is  to  be  discouraged.  Clay  and  flint  as  mill  additions  give 
the  best  results,  although  the  limits  for  these  are  fairly  low.  Large 
additions  of  clay  and  flint  caused  flaking  of  the  enamel  from  the 
iron,  while  feldspar  caused  the  formation  of  pinholes.  Fifteen 
per  cent  of  clay  or  10  per  cent  each  of  clay  and  flint  are  recom- 
mended as  mill  additions  for  the  ground  coats. 

The  use  of  a  combination  of  lead,  boric,  and  sodium  oxides  is 
desirable,  since  the  introduction  of  an  excessively  large  amount  of 
any  one  flux  gives  rise  to  various  difficulties. 
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Sodium  oxide  in  excess  of  about  10  per  cent  in  the  melted  batch 
causes  blistering  of  the  enamels.  The  limit  for  boric  oxide  is  in 
the  neighborhood  of  19  per  cent.  Additions  above  this  amount 
tend  to  cause  crawling  of  the  enamel  if  the  latter  is  applied  in  too 
thick  a  coat.  Boric  oxide,  however,  has  the  property  of  increasing 
the  firing  range  of  the  enamel,  and  for  that  reason  as  large  an 
amount  as  possible,  without  causing  crawling,  should  be  used. 
Lead  oxide  improves  the  adherence  of  the  enamel,  and  the  use  of  as 
much  as  20  to  25  per  cent  in  the  melted  batch  does  not  appear  to 
be  detrimental. 

The  cover  enamels  may  be  melted  to  a  glass  by  the  usual  smelting 
process.  Suitable  mill  additions  consist  of  5  per  cent  clay,  8  per 
cent  tin  oxide,  and  45  per  cent  water,  all  based  on  the  weight  of 
the  dry  frit. 

For  the  best  results  the  cover  enamel  must  be  adapted  to  the 
ground  coat  in  refractoriness.  If  the  cover  enamel  is  too  refrac- 
tory, blistering  will  result.  Boric  oxide  increased  the  firing  range 
of  the  enamels  but  tended  to  promote  crawling,  although  this  was 
less  pronounced  in  the  more  fusible  compositions.  When  substi- 
tuted for  sodium  and  lead  oxides,  however,  boric  oxide  increased 
the  opacity  of  the  enamels.  Cryolite  also  increased  the  opacity, 
but  additions  of  about  10  per  cent  tended  to  promote  crawling. 

While  consideration  must  be  given  to  the  comparative  refrac- 
toriness of  the  ground  and  cover  coats  and  to  the  methods  of  prepa- 
ration of  the  enamels  as  discussed  in  this  paper,  the  following  com- 
positions may  be  mentioned  as  typical  of  those  giving  satisfactory 

results : 

Ground-Coat  Frits. 


Materials. 

Batch  compositions  to  give  100  parts  of  melted  frit. 

Rg-26. 

Rg-17. 

Rg-1. 

Rg-25. 

Rg-18. 

Flint 

66.30 
36.96 
6.95 

69.90 
36.96 
6.95 

69.90 
36.96 
6.95 

69.90 
26.07 
6.95 
9.88 
8.17 

69.90 

Borax 

26  07 

6.95 

Soda  ash 

3.04 

Red  lead 

8.17 
6.37 

4.08 
7.08 

8.17 

12.24 

Mill  Batch  for  Ground  Coats. 

Parts. 

Frit 100 

Clay 15 

Water 60 
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Materials. 


Batch  compositions  for  100  parts  of  melted  frit. 


R-14 


R-ll 


R-28 


R-l 


R-18 


Feldspar 

Flint 

Borax 

Sodium  nitrate 

Soda  ash 

Red  lead 

Zinc  oxide 

Fluorspar 

Cryolite 

Barium  carbonate. 
Boric  acid 


38.0 
12.0 
10.9 
6.2 

7.7 

21.6 

6.0 

5.5 

5.0 


33.0 
12.0 
24.52 
6.20 

3.86 

21.60 
6.0 
5.5 

5.0 


54.5 
5.95 


10.3 
5.0 
5.5 


38.0 
12.0 
24.52 
6.20 

3.86 
16.42 
6.0 
5.5 

5.0 


33.0 
12.0 
24.52 
6.20 

3.86 
16.42 
6.00 
5.50 

10.00 


4.5 
8.85 


Mill  Batches  for  White  Cover  Enamels. 

Parts. 

Frit 100 

Clay 5 

Tin  oxide 8 

Water 45 

PART  II.— WET-PROCESS  ENAMELS  WITHOUT  THE 
USE  OF  A  GROUND  COAT. 

I.  INTRODUCTION. 

Wet-process  enamels,  to  be  applied  directly  to  the  iron  without 
the  use  of  a  ground  coat,  have  become  very  popular  in  the  stove 
industry  because  of  the  fact  that  one  entire  operation  is  eliminated. 
In  order  to  complete  this  investigation,  a  study  has  been  made  of 
both  colored  and  white  enamels  of  this  type. 

In  the  production  of  such  enamels  two  properties  are  of  impor- 
tance, namely,  the  adherence  that  the  ordinary  ground  coat 
possesses  and  the  texture  of  a  desirable  cover  enamel.  Therefore 
a  ground  coat  which  had  developed  considerable  gloss  was  selected 
as  a  basic  composition  for  this  study. 

II.  PREPARATION  OF  ENAMELS. 

The  enamels  were  prepared  by  weighing  in  5 -pound  batches, 
mixing  thoroughly,  and  then  smelting  in  crucibles.  The  tem- 
perature of  smelting  for  the  individual  enamels  varied  with  the 
fusibility  of  the  compositions.  The  time  required  to  melt  the 
batches  varied  from  30  to  45  minutes. 

When  smelting  opaque  enamels,  no  attempt  was  made  to  drive 
off  the  gas  completely,  but  the  enamels  were  poured  when  all  of 
the  raw  material  was  completely  melted.  The  enamels  were 
quenched  in  water. 

The  mill  additions  for  the  colored  enamels  consisted  of  4  per 
cent  clay  and  1  per  cent  of  a  commercial  blue  green  coloring  oxide, 
with  the  necessary  amount  of  water  to  form  a  slip  for  spraying. 
The  same  clay  content  was  used  for  the  white  enamels,  except  that 
the  color  oxide  was  replaced  by  4  per  cent  of  tin  oxide. 
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The  cast-iron  specimens  for  tests  were  oval-shaped  disks  used  in 
the  manufacture  of  enameled  stoves  and  were  similar  to  those  used 
in  the  previous  study.  The  castings  were  prepared  for  enamel- 
ing as  usual  by  annealing  and  then  sand-blasting  with  a  mixture 
of  about  80  per  cent  sand  and  20  per  cent  crushed-steel  shot. 

The  clean  castings  were  coated  with  the  various  enamels  by 
means  of  an  air  spray.  These  were  dried  thoroughly  and  then 
fired  in  an  electric  furnace  at  a  temperature  varying  from  730  to 
7900  C.  (1,350  to  1,450°  F.).  The  time  of  firing  varied  from  three 
to  six  minutes.  It  may  be  well  to  emphasize  the  fact  that  a  thin 
and  even  coat  of  enamel  should  be  applied  to  the  casting  if  crawling 
is  to  be  avoided.  Following  the  firing  and  cooling  of  the  first  coat 
a  second  coat,  if  desired,  may  be  applied. 

III.  STUDY  OF  SINGLE-COAT  COLORED  ENAMELS. 
1.  BASIC  COMPOSITIONS  FOR  STUDY. 

In  Tables  6  A  and  B  are  shown  the  melted  and  the  batch  weights 
of  13  enamel  compositions  based  on  Rg-7,  a  composition  of  the 
flint  type,  and  9  enamel  compositions  (Tables  7  A  and  B),  based 
on  Rg~4a,  a  composition  of  the  feldspar  type.  These  composi- 
tions had  shown  excellent  gloss  and  burning  properties,  and  it  was 
expected  they  would  make  a  good  color  base. 

As  in  the  previous  study  on  wet-process  enamels  used  with 
ground  coats,  the  various  compositions  were  divided  into  series. 
The  Tables  6  C  to  G  show  these  variations  and  the  effect  produced 
by  them. 

2.  EFFECT  OF  VARYING  THE  COMPOSITION  OF  ENAMEL  RG-7. 

(a)  Replacement  of  Flint  by  Cryolite. — Table  6  C  shows  the 
effect  of  replacing  flint  by  cryolite.  Ground  coat  Rg-7,  which 
had  been  used  in  the  previous  study  on  the  two  or  three  coat 
process  in  connection  with  the  use  of  a  ground  coat,  was  chosen 
as  a  basic  composition.  Increasing  the  cryolite  content  at  the 
expense  of  flint  did  not  produce  satisfactory  enamels.  The  com- 
positions Rh-8  and  9  did  not  possess  the  desired  gloss.  Enamels 
Rh-10  and  11,  containing  a  higher  content  of  cryolite,  were  more 
satisfactory  in  this  respect  but  showed  a  decided  tendency  to 
crawl.  It  was  noted,  however,  in  this  series  that  adherence  was 
greatly  improved  with  the  replacement  of  flint  by  cryolite. 

(6)  Replacement  of  Flint  by  Lead  Oxide. — In  Table  6  D 
is  shown  the  effect  of  replacing  flint  by  lead  oxide.  From  the 
results  obtained  it  was  quite  evident  that  a  higher  content  of 
lead  oxide  was  beneficial  in  developing  gloss  of  the  enamels. 
These  compositions  possessed  a  good  gloss,  and  the  crawling  that 
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prevailed  in  the  cryolite  series  was  eliminated  when  the  enamel 
was  applied  in  coats  of  proper  thickness.  An  increase  of  5  per 
cent  of  lead  oxide  at  the  expense  of  flint,  as  in  Rh-12,  did  not 
improve  the  enamel,  as  the  latter  showed  a  tendency  to  develop 
pinholes  and  to  chip.  The  adherence  was  improved  when  10 
per  cent  of  flint  was  replaced  by  lead  oxide. 

TABLE  6  A. — Melted  Compositions  of  Frits  for  Colored  Enamels  Based  on  Compo- 
sition Rg-7. 


Enamel  number. 

Melted  composition  oJ  frits. 

Flint. 

B!03. 

Na;0. 

PbO. 

Cryolite. 

Rg-7 

Per  cent. 
62.7 

57.7 
52.7 
47.7 
42.7 

57.7 
52.7 
47.7 
60.2 

57.7 
55.2 
42.7 
37.7 

Per  cent. 
13.57 
13.57 
13.57 
13.57 
13.57 

13.57 
12.57 
13.57 
16.07 

18.57 
21.07 
13.57 
13.57 

Per  cent. 
8.53 
8.53 
8.53 
8.53 
8.53 

8.53 
8.53 
8.53 
8.53 

8.53 
8.53 
8.53 
8.53 

Per  cent. 
15.20 
15.20 
15.20 
15.20 
15.20 

20.20 
25.20 
30.20 
15.20 

15.20 
15.20 
35.20 
40.20 

Per  cent. 

Rh-8 

5.  00 

Rh-9 

10.  00 

F.h-10 

15  00 

Rh-11 

20.00 

Rh-12 

Rh-13 

Rh-14 

Rh-15 

Rh-16 

Rh-17 

Rh-14a 

Rh-14b 

TABLE  6  B. — Batch  Compositions  of  Frits  for  Colored  Enamels  Based  on  Compo- 
sition Rg-7. 


Batch  compositions  for  100  parts  of  melted  frit. 

Enamel  number. 

Flint. 

Borax. 

Sodium 
nitrate. 

Red 
lead. 

Cryo- 
lite. 

Boric 

acid. 

Rg-7 

62.70 
57.70 
52.70 
47.70 
42.70 

57.70 
52.70 
47.70 
60.20 

57.70 
55.20 
42.70 
37.70 

36.96 
36.96 
36.96 
36.96 
36.96 

36.96 
36.96 
36.96 
36.96 

36.96 
36.96 
36.96 
36.96 

6.95 

6.95 
6.95 
6.95 
6.95 

6.95 
6.95 
6.95 
6.95 

6.95 

6.95 
6.95 
6.95 

15.51 
15.51 
15.51 
15.51 
15.51 

20.61 
25.71 
30.81 
15.20 

15.20 
15.20 
35.92 
41.02 

Rh-8 

5.00 
10.00 
15.00 
20.00 

Rh-9 

Rh-10 

Rh-11 

Rh-12 

Rh-13 

Rh-14 

Rh-15 

4.42 

Rh-16 

8.85 

Rh-1 7 

13.27 

Rh-14a 

Rh-14b 

TABLE  6  C— Effect  of  Varying  Flint  and  Cryolite  in  Colored  Enamels  Based  on  Rg-7. 

[Constant  portion  melted,  13.57  B:03,  8.53  NacO,  15.20  PbO.] 


Enamel  number. 

Variables. 

Results. 

Flint. 

Cryolite. 

Texture. 

Adherence. 

Rg-7 

Percent. 
62.7 
57.7 
52.7 
47.7 
42.  7 

Per  cent. 

Chipped  on  edge. 
Good. 

Rh-8 

5.0 

10.0 
15.0 
20.0 

.do. 

Rh-9 

Do. 

Rh-10 

Slightly  crawled... 

Do. 

Rh-11 

Do. 
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TABLE  6  D.— Effect  of  Varying  Flint  and  Lead  Oxide  in  Colored  Enamels  Based 

on  Rg-7. 

[Constant  portion  melted,  13.57  B2O3,  8.53  NajO.] 


Enamel  number. 

Variables. 

Results. 

Flint. 

PbO. 

Texture. 

Adherence. 

Rg-7 

Per  cent. 
62.7 
57.7 
52.7 
47.7 
42.7 
37.7 

Per  cent. 
15.20 
20.20 
25.20 
30.20 
35.20 
40.20 

Chipped  on  edge. 
Do. 

Rh-12 

...do 

Rh-13 

Good 

Rh-14 

Do. 

Rh-14a 

Good 

Do. 

Rh-14b 

do 

Do. 

TABLE  6  E. — Effect  of  Varying  Flint  and  Boric  Oxide  in  Colored  Enamels  Based 

on  Rg-7. 


[Constant  portion  melted, 

8.53  Na2Q 

,  15.20  PbO.] 

Enamel  number. 

Variables. 

Results. 

Flint. 

B2O3. 

Texture. 

Adherence. 

Rg-7 

Per  cent. 
62.7 
60.2 
57.7 
55.2 

Per  cent. 
13.57 
16.07 
18.57 
21.07 

Chipped   on   edge. 
Do. 

Rh-15 

Rh-16 

.  .do  . 

Do. 

Rh-17 

do 

TABLE  7  A. — Melted  Compositions  of  Frits  for  Colored  Enamels  Based  on  Compo- 
sition Rg^4a. 


Enamel  number. 

Melted  compositions  of  frits. 

Feldspar. 

B2O3. 

Na20. 

PbO. 

Cryolite. 

Rg-4a 

Per  cent. 
62.05 
57.05 
52.05 
47.05 
42.05 

42  05 
37.05 
47.05 
47.05 
47.05 

Per  cent. 
23.56 
23.56 
23.56 
23.56 
23.56 

23.56 
23.56 
18.56 
13.56 
8.56 

Per  cent. 
12.13 
12.13 
12.13 
12.13 
12.13 

12.13 
12.13 
12.13 
12.13 
12.13 

Per  cent. 
2.26 
2.26 
2.26 
2.26 
2.26 

22.26 
27.26 
22.26 
27.26 
32.26 

Per  cent. 

Ro-1 

5.00 

Ro-2 

10.00 

Ro-3 

15.00 

Ro-4 

20.00 

Ro-4n 

Ro-5 

Ro-6 

Ro-7 

TABLE  7  B. — Batch  Compositions  of  Frits  for  Colored  Enamels  Based  on  Compo- 
sition Rg-4a. 


Enamel  number. 

Batch  compositions  for  100  parts  of  melted  frit. 

Feldspar. 

Borax. 

Sodium 
nitrate. 

Red 
lead. 

Cryolite. 

Soda 
ash. 

Rg-4a 

62.05 

57.05 
52.05 
47.05 
42.05 

42.05 

37.05 
47.05 
47.05 
47.05 

64.30 
64.30 
64.30 
64.30 
64.30 

64.30 
64.30 
50.57 
36.94 
23.32 

4.63 

4.63 
4.63 
4.63 
4.63 

4.63 
4.63 
4.63 
4.63 
4.63 

2.30 
2.30 
2.30 
2.30 
2.30 

22.71 
27.81 
22.71 
27.81 
32.92 

Ro-1 

5.66 
10.00 
15.00 
20.00 

Ro-2 

Ro-3 

Ro-4 

Ro-4m 

Ro-4n 

Ro-5 

3.90 

Ro-6 

7.64 

Ro-7 

11.42 

724 


Technologic  Papers  of  the  Bureau  of  Standards.  [Vol.  n 


TABLE  7  C. — Effect  of  Varying  Feldspar  and  Cryolite  in  Colored  Enamels  Based 

on  Rg-4a. 


[Constant  portion  melted,  23.56  Bj03,  12.13  Na20, 

2.26  PbO.] 

Enamel  number. 

Variables. 

Results. 

Feldspar. 

Cryolite. 

Texture. 

Adherence. 

Per  cent. 

62.05 
57.05 
52.05 
47.05 
42.05 

Per  cent. 

Few  pinholes 

Good 

Good. 

RO-l                                             

5.00 
10.00 
15.00 
20.00 

Do. 

Ro-2                                              

do 

Do. 

Do. 

do 

Do. 

TABLE  7  D. — Effect  of  Varying  Boric  Oxide  and  Lead  Oxide  in  Colored  Enamels 

Based  on  Rg-4a. 


[Constant  portion  melted, 

47.05  feldspar,  12.13  Na20.] 

Enamel  number. 

Variables. 

Results. 

B2O3. 

PbO. 

Texture. 

Adherence. 

Per  cent. 

23.56 
18.56 
13.56 
8.56 

Per  cent. 

17.26 
22.56 
27.26 
32.26 

Few  pinholes 

Excellent 

Good. 

Do. 

Ro-6                                    

do 

Do. 

do 

Do. 

The  most  satisfactory  enamel  obtained  in  this  series  was  Rh-14. 
In  this  composition  15  per  cent  of  flint  was  replaced  by  lead  oxide. 
The  enamel  had  an  excellent  gloss  and  was  comparatively  free 
from  pinholes.  When  the  lead  oxide  was  increased  beyond  this 
point,  however,  as  in  Rh-i4a  and  14b,  no  further  improvement 
could  be  noted. 

(c)  Replacement  of  Flint  by  Boric  Oxide. — The  effect  of 
the  replacement  of  flint  by  boric  oxide  is  shown  in  Table  6  E. 
The  results  obtained  in  this  series  were  not  satisfactory,  as  the 
formation  of  pinholes  was  increased  and  the  adherence  was  not 
improved  to  any  appreciable  extent.  It  was  noted,  however,  that 
the  boric  oxide  increased  the  gloss.  Increasing  the  boric  oxide 
5  per  cent  at  the  expense  of  flint,  as  in  Rh-15,  slightly  increased 
the  gloss,  but  the  enamel  developed  pinholes  in  firing  and  the 
adherence  was  not  improved  over  Rg-7.  The  results  obtained 
with  Rh-16  compared  very  closely  to  those  of  Rh-15,  as  D°th 
enamels  developed  pinholes  and  chipping.  Rh-16  apparently  had 
good  adherence  but  showed  a  tendency  to  crawl  and  to  develop 
pinholes.  Undoubtedly  these  compositions  were  too  viscous  for 
enamels  of  this  type. 
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3.  EFFECT  OF  VARYING  COMPOSITIONS  BASED  ON  ENAMEL  Rg-4a. 

Tables  7  C  and  D  show  compositions  based  on  the  feldspar  type 
of  enamels.  This  type,  as  a  whole,  appeared  to  be  more  suitable 
for  the  wet-process  enamels  and  several  very  good  enamels  were 
obtained.  Such  enamels  had  a  longer  firing  range,  thus  facili- 
tating the  process  of  firing. 

(a)  Replacement  of  Feldspar  by  Cryolite. — Table  7  C 
shows  the  effect  of  replacing  feldspar  by  cryolite.  Although 
several  very  satisfactory  enamels  were  developed  in  this  series, 
it  would  appear  that  the  amount  of  cryolite  contained  in  this 
composition  should  be  limited  to  10  per  cent  if  crawling  is  to  be 
avoided.  Increasing  the  cryolite  5  to  10  per  cent  at  the  expense 
of  feldspar,  as  in  Ro-i  and  2,  respectively,  produced  enamels  with 
good  texture  and  adherence.  Little  difference  could  be  noted  be- 
tween these  two  compositions.  However,  when  feldspar  was 
replaced  by  cryolite  in  amounts  to  15  and  20  per  cent,  as  in  R0-3 
and  4,  crawling  occurred. 

(b)  Replacement  of  Boric  Oxide  by  Lead  Oxide. — In  Table 
7  D  is  shown  the  effect  of  increasing  lead  oxide  at  the  expense  of 
boric  oxide.  The  results  obtained  in  this  series  were  very  fa- 
vorable. The  increase  of  lead  oxide  was  beneficial  from  all 
viewpoints  in  that  the  texture  was  satisfactory  and  the  adherence 
was  improved.  Replacing  5  per  cent  of  boric  oxide,  as  in  R0-5, 
produced  an  enamel  with  very  good  texture  and  adherence. 
Increasing  the  lead  oxide  10  and  15  per  cent  at  the  expense  of 
boric  oxide,  as  in  Ro-6  and  7,  gave  practically  the  same  results 
as  were  obtained  with  enamel  R0-5,  except  that  the  increase  of 
lead  oxide  produced  more  fusible  compositions. 

IV.  CONCLUSIONS  FROM  STUDY  OF  SINGLE-COAT 
COLORED  ENAMELS. 

In  discussing  the  data  from  the  above  study  of  colored  enamels 
no  mention  has  been  made  of  the  shades  of  color  that  were  obtained, 
inasmuch  as  the  length  of  time  of  firing  affected  to  some  extent 
the  intensity  of  color.  The  different  compositions,  however, 
apparently  had  no  effect  on  the  color  produced  with  this  particular 
blue  oxide. 

In  making  the  study  of  colored  enamels  one  coat  was  applied 
to  one-half  the  number  of  trial  samples,  and  two  coats  were  ap- 
plied to  the  remainder,  this  method  being  adopted  to  note  the 
effect  of  several  applications  of  the  same  enamel  on  its  burning 
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behavior.  But  little  difference  was  noted  in  the  results  obtained 
with  one  and  with  two  coats,  except  in  the  case  of  those  enamels 
which  showed  a  tendency  to  develop  blistering.  The  ability 
of  an  enamel  of  this  type  to  take  a  second  coat  satisfactorily  is 
a  decided  advantage  in  commercial  practice,  where  it  is  at  times 
necessary  to  rectify  variations  in  shade  of  color,  due  to  uneven 
spraying  or  to  overfiring,  by  the  application  of  a  second  coat 
of  the  enamel 

The  effects  of  the  various  ingredients  of  the  enamels  were 
similar  to  those  noted  in  the  development  of  cover  enamels  ap- 
plied over  a  ground  coat.  Cryolite  and  boric  oxide  increased  the 
viscosity  of  the  enamel  and  tended  to  cause  crawling.  Lead 
oxide  increased  the  gloss  and  promoted  better  adherence  to  the 
iron,  and  enamels  containing  as  much  as  30  to  40  per  cent  of  lead 
oxide  in  the  melted  batch  were  found  to  be  very  satisfactory. 

In  the  type  of  enamels  containing  flint  as  the  refractory  an 
enamel  with  the  composition  of  Rh-14  or  14a  should  be  very 
satisfactory. 

Single-coat  enamels  of  the  feldspar  type,  however,  are  appar- 
ently more  satisfactory  than  those  containing  flint  as  the  sole 
refractory.  In  this  group  enamels  R0-5,  6,  and  7  gave  best 
results. 

Mill  additions  of  4  per  cent  of  clay,  1  per  cent  of  coloring  oxide, 
and  45  per  cent  of  water  are  satisfactory.  When  rusting  of  the 
iron  is  encountered  in  the  drying  of  the  enamels  on  the  casting, 
small  additions  of  borax  may  be  made  to  the  mill  batch. 

The  following  compositions  are  typical  of  those  which  should 
serve  as  single-coat  colored  enamels  on  cast  iron : 

Frits  for  Single-Coat  Colored  Enamels. 


Material. 

Batch  compositions  to  give  100  parts  of 
melted  frit. 

Rh-14. 

Ro-5. 

Ro-6. 

Ro-7. 

Flint 

47.70 

47.05 
50.57 

4.63 
22.71 

3.90 

47.05 
36.94 

4.63 
22.71 

7.64 

47.05 

36.96 
6.95 
30.81 

23.32 

4.63 

Red  lead 

22.71 

11.42 

Mill  Batch  for  Single-Coat  Enamels. 


Frit... 
Clay.. 
Color.. 
Water. 


Parts. 
...  100 


.As  required. 
45 
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V.  STUDY  OF  SINGLE-COAT  WHITE  ENAMELS. 

1.  BASIC  COMPOSITIONS  FOR  STUDY. 

In  studying  white  enamels  it  was  decided  to  adopt  R0-5,  one 
of  the  more  promising  compositions  produced  in  the  develop- 
ment of  colored  enamels,  and  make  such  variations  in  the  com- 
position as  might  be  expected  to  produce  opacity.  It  was  desired 
to  produce  as  much  opacity  in  the  raw  frit  as  possible,  since  it 
was  noted  that  an  excessive  amount  of  tin  oxide  in  the  mill  mix 
had  a  tendency  to  produce  black  specks,  probably  due  to  the 
reduction  of  the  tin  oxide.  The  mill  additions  consisted  of  4  per 
cent  of  tin  oxide,  4  per  cent  of  clay,  and  the  necessary  amount  of 
water.  Such  materials  as  cryolite,  fluorspar,  zirconium  compounds, 
and  antimony  oxide  were,  therefore,  introduced  to  improve 
opacity. 

2.  EFFECT  OF  VARYING  COMPOSITIONS. 

Tables  8  A  and  B  show  the  melted  and  the  batch  weights  of  33 
compositions.  As  in  the  previous  study  on  colored  enamels,  it 
was  possible  to  divide  the  various  compositions  into  series  as  shown 
in  Tables  8  C  to  M. 

(a)  Replacement  of  Feldspar  by  Cryolite. — In  Table  8  C 
is  shown  the  effect  of  replacing  feldspar  by  cryolite.  The  results 
obtained  in  this  series  were  not  as  satisfactory  as  might  be  expected, 
since  the  cryolite  did  not  produce  the  desired  opacity,  and  the 
compositions  with  the  higher  content  showed  a  decided  tendency 
to  crawl.  Ro-8  and  9,  containing  3  and  6  per  cent  of  cryolite, 
respectively,  possessed  a  very  good  texture  and  satisfactory 
adherence,  but  no  appreciable  opacity  could  be  noted.  Increasing 
the  cryolite  to  9  and  12  per  cent,  as  in  Ro-10  and  11,  produced 
enamels  with  poor  opacity  and  showing  a  decided  tendency  to 
crawl. 

(b)  Replacement  of  Feldspar  by  Zinc  Oxide. — The  effect  of 
increasing  zinc  oxide  at  the  expense  of  feldspar  is  shown  in  Table 
8  D.  These  compositions  showed  an  increase  of  opacity  over 
R0-5.  Apparently  there  was  no  increase  of  opacity  when  more 
than  6  per  cent  of  zinc  oxide  was  added.  It  was  also  noted  that 
crawling  occurred  when  the  zinc  oxide  was  increased  beyond  this 
amount. 

The  most  satisfactory  results  were  obtained  with  Ro-12  and  13, 
containing  3  and  6  per  cent  of  zinc  oxide.  Although  the  opacity 
of  these  compositions  was  not  as  great  as  it  was  hoped  to  obtain, 


728 


Technologic  Papers  of  the  Bureau  of  Standards.  ivoi.  n 


they  would,  however,  serve  very  well  for  a  light  gray  enamel. 
Compositions  Ro-14  and  15  did  not  show  any  increase  of  opacity 
and  crawled  badly. 

(c)  Replacement  of  Feldspar  by  Antimony  Oxide. — Table 
8  E  shows  the  effect  of  replacing  feldspar  by  antimony  oxide.  The 
results  obtained  in  this  study  were  very  promising.  Antimony 
oxide  produced  quite  an  increase  in  opacity,  but  at  the  same 
time  the  resultant  enamels  did  not  possess  the  usual  gloss  of  the 
average  cast-iron  enamel.  The  best  results  were  obtained  with 
Ro-16  and  17.  The  opacity  of  these  compositions  compared 
fairly  well  with  those  of  the  previous  study  in  connection  with  the 
use  of  a  ground  coat.  When  the  antimony  oxide  was  increased 
to  6  and  8  per  cent,  as  in  Ro-18  and  19,  black  specks  were  apparent 
and  no  increase  in  opacity  could  be  observed.  The  most  objec- 
tionable feature  in  the  use  of  antimony  oxide  with  this  type  of 
enamel  was  the  tendency  to  produce  a  greasy  finish. 

TABLE  8  A. — Melted  Compositions  of  Single-Coat  White  Enamels. 


Enamel 

Melted  composition  of  frit. 

number. 

Feldspar. 

BjOj. 

NasO. 

PbO. 

Sb203. 

ZnO. 

Zr02. 

Cryolite. 

CaFa. 

Ro-8 

Per  cent. 

44.05 
41.05 
3R  ns 

Per  cent. 
18.56 
18.56 
18.56 
18.56 
18.56 

18.56 
18.56 
18.56 
18.56 
18.56 

18.56 
18.56 
18.56 
18.56 
18.56 

18.56 
18.56 
18.56 
18.56 
18.56 

18  56 

Per  cent. 
12.13 
12.13 
12.13 
12.13 
12.13 

12.13 

12.13 
12.13 
12.13 
12.13 

12.13 

12.13 
12.13 
12.13 
12.13 

12.13 
12.13 
12.13 
12.13 
12.13 

12  13 

Per  cent. 

22.26 
22.26 
22.26 
22.26 
22.26 

22.26 

22.26 
22.26 
22.26 
22.26 

22.26 
22.26 
22.26 
22.26 
22.26 

22.26 
22.26 
22.26 
22.26 
22.26 

22.26 
22.26 
22.26 
22.26 

22.26 
22.26 
22.26 
22.26 

22.26 
22.26 
22.26 
22.26 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 
3.00 
6.00 
9.00 
12.00 

Per  cent. 

Ro  11                    *s  ns 

44.05 

41.05 
38.05 
35.05 
45,05 
43.05 

41.05 
39.05 
45.05 
43.05 
41.05 

39.05 
45.05 
43.05 
41.05 
43.05 

39.05 
35.05 
43.05 
39.05 

35.05 
41.05 
38.05 
41.05 

38.05 
45.05 
45.05 
45.05 

3.00 

6.00 
9.00 
12.00 

Ro-13 

Ro-15 

Ro-16 

2.00 
4.00 

6.00 
8.00 

Ro-17 

2.00 
4.00 
6.00 

8.00 
1.00 
2.00 
3.00 
1.00 

2.00 
3.00 

Ro-21 

Ro-22 

Ro-23 

Ro-24 

1.00 
2.00 
3.00 

Ro-26 

Ro-27 

3.00 

6.00 

9.00 
3.00 
6.00 

9.00 
3.00 
3.00 
3.00 

3.00 

2.00 
4.00 
6.00 

18.56           12  13 

Ro-30 

Ro-31 

Ro-32 

18.56 
18.56 

18.56 
18.56 
18.56 
18.56 

18.56 
16.56 
14.56 
12.56 

12.13 
12.13 

12.13 

12.13 
12.13 
10.13 

10.13 
12.13 
12.13 

12.13 

1.00 
2.00 

3.00 

3.00 

Ro-34 

6.00 

3.00 

2.00 
2.00 
2.00 
2.00 

6.00 

Ro-37 

Ro-38 

Ro-39 
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TABLE  8  B.— Batch  Weights  of  Single-Coat  White  Enamels. 


Batch  compositions  for  100  parts  of  melted  frit. 

Enamel, 
number. 

Feld- 
spar. 

Borax. 

Sodium 
nitrate. 

Red 
lead. 

Soda 
ash. 

Anti- 
mony 
oxide. 

Zinc 
oxide. 

Zircon- 
ium 
oxide. 

Cryo- 
lite. 

Fluor- 
spar. 

Ro-8 

44.05 
41.05 
38.05 
35.05 
44.05 

41.05 
38.05 
35.05 
45.05 
43.05 

41.05 
39.05 
45.05 
43.05 
41.05 

39.05 
45.05 
43.05 
41.05 
43.05 

39.05 
35.05 
43.05 
39.05 

35.05 
41.05 
38.05 
41.05 

38.05 
45.05 
45.05 
45.05 

50.57 
50.57 
50.57 
50.57 
50.57 

50.57 
50.57 
50.57 
50.57 
50.57 

50.57 
50.57 
50.57 
50.57 
50.57 

50.57 
50.57 
50.57 
50.57 
50.57 

50.57 
50.57 
50.57 
50.57 

50.57 
50.57 
50.57 
50.57 

50.57 
45.10 
39.67 
34.22 

4.63 
4.63 
4.63 
4.63 
4.63 

4.63 
4.63 
4.63 
4.63 
4.63 

4.63 
4.63 
4.63 
4.63 
4.63 

4.63 

4.63 
4.63 
4.63 
4.63 

4.63 

4.63 
4.63 
4.63 

4.63 
4.63 
4.63 
5.34 

5.34 
4.63 
4.63 
4.63 

22.71 
22.71 
22.71 
22.71 
22.71 

22.71 
22.71 
22.71 
22.71 
22.71 

22.71 
22.71 
^2.71 
22.71 
22.71 

22.71 
22.71 
22.71 
22.71 
22.71 

22.71 
22.71 

22.71 
22.71 

22.71 
22.71 
22.71 
22.71 

22.71 
22.71 
22.71 
22.71 

3.85 
3.85 
3.85 
3.85 
3.85 

3.85 
3.85 
3.85 
3.85 
3.85 

3.85 

3.85 
3.85 
3.85 
3.85 

3.85 

3.85 
3.85 
3.85 
3.85 

3.85 

3.85 
3.85 
3.85 

3.85 
3.85 
3.85 

3.00 
6.00 
9.00 
12.00 

Ro-9 

Ro-10 

Ro-11 

Ro-12 

3.00 

6.00 
9.00 
12.00 

Ro-13 

Ro-14 

Ro-15 

Ro-16 

2.00 
4.00 

6.00 
8.00 

Ro-17 

Ro-18 

Ro-19 

Ro-20 

2.00 
4.00 
6.00 

8.00 
1.00 
2.00 
3.00 
1.00 

2.00 
3.00 

Ro-21 

Ro-22 

Ro-23 

Ro-24 

1.00 
2.00 
3.00 

Ro-25 

Ro-26 

Ro-27 

3.00 

6.00 
9.00 
3.00 
6.00 

9.00 
3.00 
3.00 
3.00 

3.00 
2.00 
4.00 
6.00 

Ro-2S 

Ro-29 

Ro-30 

1.00 
2.00 

3.00 

Ro-31 

Ro-32 

Ro-33 

3.00 

Ro-34 

6.00 

Ro-35 

2.00 

2.00 
2.00 
2.00 
2.00 

3.00 

Ro-36 

6.00 

Ro-37 

5.36 
6.87 
8.39 

Ro-38 

Ro-39 

TABLE  8  C— Effect  of  Varying  Feldspar  and  Cryolite  in  Single-Coat  White  Enamels. 
[Constant  portion  melted,  18.56  B203, 12.13  Na20,  22.26  PbO.] 


Enamel  number. 

Melted  weights  of 
variables. 

Results. 

Feldspar. 

Cryolite. 

Texture. 

Opacity. 

Ro-5 

Per  cent. 

47.05 
44.05 
41.05 
38.05 
35.05 

Per  cent. 

Good 

, 

Ro-8 

3.00 
6.00 
9.00 
12.00 

do 

Do. 

Ro-9 

do 

Do. 

Ro-10..  ..                                                

Do. 

Ro-11  

do 

Do. 

TABLE  8  D.— Effect  of  Varying  Feldspar  and  Zinc  Oxide  in  White  Single-Coat 

Enamels. 
[Constant  portion  melted,  18.56  B'.Ch,  12.13  NasO,  22.26  PbO.] 


Melted  weights  of 
variables. 

Results. 

Feldspar. 

ZnO. 

Texture. 

Opacity. 

Ro-5 

Per  cent. 
47.05 
44.05 
41.05 
38.05 
35.05 

Per  cent. 

Poor. 

Ro-12...  . 

3.00 
6.00 
9.00 
12.00 

do 

Fair. 

Ro-13.                                                                      

do 

Do. 

Crawled 

Do. 

Ro-15                                                   

do 

Do. 
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TABLE  8  E. — Effect  of  Varying  Feldspar  and  Antimony  Oxide  in  Single-Coat  White 

Enamels. 

[Constant  portion  melted,  18.56  B203,  12.13  Na20,  22.26  PbO.] 


Enamel  number. 

Melted  weights  of 
variables. 

Results. 

Feldspar. 

Sb203. 

Texture. 

Opacity. 

Ro-5 

Per  cent. 

47.05 
45.05 
43.05 
41.05 
39.05 

Per  cent. 

Good 

Ro-16 

2.0 
4.0 
6.0 
8.0 

.  ..do 

Ro-17  

Fair.  . 

Do. 

Few  black  specks.. 
Many  black  specks. 

Do. 

Ro-19.                              

Do. 

TABLE  8  F.— Effect  of  Varying  Feldspar  and  Zirconium  Oxide  in  Single-Coat  White 

Enamels. 

[Constant  portion  melted,  18.56  B2O3,  12.13  Na20,  22.26  PbO.] 


Enamel  number. 

Melted  weights  of 
variables. 

Results. 

Feldspar. 

Zr02. 

Texture. 

Opacity. 

Ro-5 

Per  cent. 
47.05 
45.05 
43.05 
41.05 
39.05 

Per  cent. 

Good 

Ro-20 

2.0 

4.0 
6.0 
8.0 

Fair. 

RO-21                                  

do 

Do. 

Ro-22                            

do 

Do. 

Ro-23                       

do 

Do. 

TABLE  8  G. — Effect  of  Varying  Feldspar  and  Mixtures  of  Zirconium  and  Antimony 
Oxides  in  Single-Coat  White  Enamels. 

[Constant  portion  melted,  18.56  B203,  12.13  Na20,  22.26  PbO.] 


Enamel  number. 

Melted  weights  of  variables. 

Results. 

Feldspar. 

Zr02. 

Sb203. 

Texture. 

Opacity. 

Per  cent. 
47.05 

Per  cent. 

Per  cent. 

Good 

Poor. 

45.05 

1.0 

1.0 
2.0 
3.0 

Poor  gloss 

Fair. 

Ro-25                                        

43.05  1            2.0 
41.05              3.0 

do 

Do. 

do 

Do. 

TABLE  8  H. — Effect  of  Varying  Feldspar  and    Mixtures  of  Zirconium  Oxide  and 
Cryolite  in  Single-Coat  White  Enamels. 

[Constant  portion  melted,  18.56  B203,  12.13  Na20,  22.26  PbO.] 


Melted  weights  of  variables. 

Results. 

Enamel  number. 

Feldspar. 

Zr02. 

Cryolite. 

Texture. 

Opacity. 

Per  cent. 
47.05 
43.05 
39.05 
35.05 

Per  cent. 

Per  cent. 

Poor. 

1.0 
2.0 
3.0 

3.0 
6.0 

9.0 

Crawled 

Fair. 

do 

Do. 

do 

Do. 
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TABLE  8  I. — Effect  of    Varying    Feldspar  and  Mixtures  of   Antimony  Oxide  and 
Cryolite  in  Single-Coat  White  Enamels. 

[Constant  portion  melted,  18.56  BiO^,  12.13  NasO,  22.26  PbO.] 


Melted  weights  of  variables. 

Results. 

Feldspar. 

Sb;03. 

Cryolite. 

Texture. 

Opacity. 

Ro-5 

Per  cent. 

47.05 

43. 05 

39. 05 

35.05 

Per  cent. 

Per  cent. 

Good 

Poor. 

Ro-30 

1.0 

2.0 
3.0 

3.0 

6.0 
9.0 

Fair. 

Ro-31 

do 

Do. 

Ro-32 

do 

Do. 

(d)  Replacement  of  Feldspar  by  Zirconium  Oxide. — The 
effect  of  the  replacement  of  feldspar  by  zirconium  oxide  is  shown  in 
Table  8  F.  In  studying  the  effect  of  zirconium  oxide  in  the  wet- 
process  enamels  it  was  noted  that  the  refractoriness  was  slightly 
increased.  This  is  characteristic  of  zirconium  oxide,  and  it  has 
been  found  to  be  true  with  various  enamel  compositions,  both  for 
sheet  steel  and  cast  iron.  Practically  the  same  results  were 
obtained  with  zirconium  oxide  as  with  antimony  oxide  in  the 
previous  series — the  opacity  increased,  but  the  enamels  were 
lacking  in  gloss.  The  results  obtained  with  Ro-20  and  21  were 
practically  the  same,  the  opacity  being  increased  and  gloss  de- 
creased. There  was  no  apparent  increase  of  opacity  when  anti- 
mony oxide  was  increased  to  more  than  4  per  cent,  as  in  enamels 
Ro-22  and  23. 

(e)  Replacement  of  Feldspar  by  Oxides  of  Zirconium  and 
Antimony. — Table  8  G  shows  the  effect  of  replacing  feldspar  by 
equal  parts  of  zirconium  and  antimony  oxides.  The  results 
obtained  in  this  series  were  similar  to  those  of  the  previous  studies, 
where  antimony  and  zirconium  oxides  were  added  separately;  that 
is,  the  combination  of  the  two  oxides  produced  an  increase  of 
opacity  and  lack  of  gloss.  Little  difference  could  be  noted  when 
the  contents  of  antimony  and  zirconium  oxides  were  increased, 
as  the  texture  and  opacity  of  Ro-26  compared  very  closely  to 
Ro-24,  with  the  exception  that  the  latter  was  slightly  more  fusible. 

(/)  Replacement  of  Feldspar  by  Zirconium  Oxide  and 
Cryolite. — The  results  obtained  by  replacing  feldspar  by  com- 
binations of  zirconium  oxide  and  cryolite  in  the  ratio  of  1  to  3,  as 
in  Table  8  H,  were  not  very  satisfactory,  as  crawling  occurred  in 
the  resulting  enamels.  Small  additions  of  the  zirconia  and  cryolite 
appeared  to  promote  crawling  as  much  as  the  larger  additions. 

(g)  Replacement  of  Feldspar  by  Antimony  Oxide  and 
Cryolite. — The  effect  of  replacing  feldspar  by  combinations  of 
antimony  oxide  and  cryolite  in  the  ratio  of  1  to  3  is  shown  in  Table 
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8  I.  The  results  obtained  in  this  series  were  similar  to  those  of 
the  preceding  one.     Crawling  was  apparent  throughout  the  series. 

(h)  Replacement  of  Feldspar  and  Sodium  Oxide  by  Fluor- 
spar and  Antimony  Oxide. — The  effect  of  replacing  feldspar 
and  sodium  oxide  by  fluorspar  and  antimony  oxide  is  shown  in 
Table  8  J.  In  this  study  enamel  Ro-8  was  used  as  a  basic  com- 
position. Increasing  the  fluorspar  did  not  produce  an  increase  of 
opacity.  Crawling  was  produced  when  more  than  3  per  cent  of 
fluorspar  was  added.  When  2  per  cent  of  sodium  oxide  was 
replaced  by  antimony  oxide  with  the  same  compositions  as  in 
Ro-6,  35,  and  36,  the  opacity  was  slightly  increased,  but  the  other 
properties  of  these  enamels  were  very  similar  to  those  of  Ro-33 
and  34. 

(i)  Additions  of  Tin  Oxide  to  the  Smelter  Batch. — Table 
8  K  shows  the  effect  of  adding  tin  oxide  to  the  smelter  batch  for 
compositions  Ro-33  an(l  35 >  at  tne  same  time  retaining  the  usual 
amount  in  the  mill  mix.  Adding  tin  oxide  tended  to  increase  the 
opacity,  but  the  development  of  pinholes  and  black  specks  was 
apparent.  Practically  the  same  results  were  obtained  in  Ro-33 
as  in  Ro-35,  and  little  difference  could  be  noted  as  the  content  of 
tin  oxide  in  the  smelted  batch  was  increased. 

(/)  Replacement  of  Boric  Oxide  by  Cryolite. — The  effect 
of  replacing  boric  oxide  by  cryolite  is  shown  in  Table  8  L.  The 
substitution  of  cryolite  for  boric  acid  resulted  in  better  enamels 
than  were  obtained  by  the  replacement  of  feldspar  by  cryolite. 
This  resulted  in  a  more  workable  enamel,  and  permitted  the  appli- 
cation of  heavy  coats  without  the  development  of  crawling. 
A  slight  increase  of  opacity  was  apparent,  and  the  enamel  had  an 
excellent  gloss.  The  most  satisfactory  results  were  obtained 
with  Ro-38,  in  which  4  per  cent  of  boric  oxide  was  replaced  by 
cryolite. 

(k)  Additions  of  Zirconium  Silicate  to  Enamels. — Table 
8  M  shows  the  effect  of  adding  various  quantities  of  zirconium 
silicate  to  both  the  smelter  batch  and  the  mill  mix  in  addition  to 
the  tin  oxide.  A  good  grade  of  zirconium  silicate  was  used  in 
making  this  study.  These  enamels  showed  a  decided  increase  in 
refractoriness,  but  little  improvement  could  be  noted  in  opacity. 
The  various  contents  of  zirconium  silicate  were  added  to  enamel 
Ro-38,  which  had  given  promising  results.  Enamel  Ro-38a 
shows  the  effect  of  replacing  the  usual  content  of  tin  oxide  in  the 
mill  mix  by  zirconium  silicate,  Ro-38b  the  effect  of  adding  4  per 
cent  of  zirconium  silicate  to  the  raw  batch  and  retaining  the  usual 
mill  mix,  and  R0-38C  the  effect  of  adding  4  per  cent  of  zirconium 
silicate  to  the  raw  batch  and  replacing  the  usual  content  of  tin 
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oxide  in  the  mill  mix  by  4  per  cent  of  zirconium  silicate.  Zir- 
conium silicate  added  both  to  the  raw  batch  and  to  the  mill  mix 
produced  an  increase  in  refractoriness,  but  an  increase  in  opacity 
sufficient  to  warrant  its  use  could  not  be  noted. 

TABLE  8  J.— Effect  of  Varying  Feldspar,  Fluorspar,  Antimony,  and  Sodium  Oxides 
in  White  Single-Coat  Enamels. 

[Constant  portion  melted,  18.56  B203,  22.26  PbO.] 


Enamel  number. 

Melted  weights  of  variables. 

Results. 

Feldspar. 

CaFi. 

Sb203. 

Na:0. 

Textur*. 

Opacity. 

Ro-5 

Per  cent. 
47.05 

41.  05 
38.05 
41.05 
33.05 

Per  cent. 

Per  cent. 

Per  cent. 
12.13 
12.13 
12.13 
10.13 
10.13 

Good 

Ro-33 

3.0 

6.0 
3.0 
6.0 

...do 

Do. 

Ro-34 

Do. 

Ro-35 

2.0 
2.0 

Good.. 

Ro-36 

Do. 

TABLE  8  K.— Effect  of  Additions  of  Tin  Oxide  to  the  Smelter  Batch  of  Enamels, 

Ro-33  and  35. 

[Constant  portions  melted,  Ro-33  and  35.] 


Enamel  number. 


Amount  of  SnOa  added  to  batch. 


Results. 


Texture. 


Opacity. 


Ro-33a . 
Ro-33b . 
Ro-35a. 
Ro-35b. 


Ro-33+2  per  cent. 
Rc-33+4  per  cent. 
Ro-35+2  per  cent. 
Ro-35+4  per  cent. 


Few  black  specks . 

Pinholes 

Few  black  specks. 
Pinholes 


Fair. 
Do. 
Do. 
Do. 


TABLE  8  L.— Effect  of  Varying  Boric  Oxide  and   Cryolite   in  Single-Coat  White 

Enamels. 


[Constant  portion  melted,  45.05  feldspar, 

12.13  NasO,  22.25  PbO,  2.0  Sb203.] 

Enamel  number 

Melted  weights  oi              p  «„!♦<= 
variables.                      .Results. 

B2O3.       Cryolite. 

Texture. 

Opacity. 

Ro-16 

Per  cent. 

18.56 
16.56 
14.56 
12.56 

Per  cent. 

Good.... 
...do 
...do 
...do 

Ro-37 

2.0 
4.0 
6.0 

Ro-38 

Do 

Ro-39 

Do. 

TABLE  8  M.— Effect  of  Zirconium  Silicate  on  Single-Coat   White  Enamel  Ro-38. 

[Constant  portion,  45.05  feldspar,  14.56  B?03,  12.13  Na:0,  22.26  PbO,  2  Sb:03,  4  cryolite.] 


Zirconium 
silicate 

added  to 
smelter 
batch. 

Zirconium 

silicate 

added  to 

mill  batch. 

Results. 

Enamel  number. 

Texture. 

Opacity. 

Ro-38a 

Per  cent. 

Per  cent. 
4 

Good 
do 

Ro-38b 

4 
4 

Do 

Ro-38c 

4 

...do 

Do 
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VI.  CONCLUSIONS  FROM    STUDY  OF  SINGLE-COAT  WHITE 

ENAMELS. 

In  the  production  of  white  single-coat  enamels  it  was  necessary  to 
develop  maximum  opacity  in  the  frit,  since  the  addition  of  more 
than  3  to  4  per  cent  of  tin  oxide  in  the  mill  batch  caused  blistering 
of  the  enamels.  The  latter  defect  was  undoubtedly  due  to  the  reduc- 
tion of  tin  oxide  when  in  contact  with  the  iron  during  the  firing 
process.  This  defect  also  developed  if  additional  tin  oxide  beyond 
the  3  to  4  per  cent  added  in  the  mill  was  mixed  with  the  smelter 
batch. 

The  ordinary  secondary  opacifying  agents,  such  as  fluorspar, 
cryolite,  antimony  oxide,  and  zinc  oxides,  while  imparting  some 
opacity  did  not  prove  satisfactory  in  other  respects.  Cryolite, 
fluorspar,  and  zinc  oxide  tended  to  cause  crawling,  while  antimony 
oxide  decreased  the  gloss  considerably.  The  latter  difficulty  was 
also  encountered  with  zirconium  oxide  and  silicate.  The  zirco- 
nium compounds  decidedly  increased  the  refractoriness  of  the 
enamels.  Suitable  mill  additions  for  enamels  of  this  type  are  the 
following:  Frit  100,  clay  4,  tin  oxide  4,  and  water  45. 

The  most  satisfactory  compositions  were  Ro-16,  in  which 
antimony  oxide  was  introduced,  and  Ro-38,  in  which  some  of  the 
boric  oxide  of  the  basic  composition  was  replaced  by  cryolite. 
In  no  case,  however,  were  these  compositions  equal  in  opacity  to 
the  white  enamels  applied  over  a  ground  coat  as  developed  in  Part 
I  of  this  paper.  The  following  enamels  are  typical  of  those  giving 
best  results : 

Single-Coat  White  Enamels. 


Material. 

Batch  composition 
of  frits. 

Ro-16. 

Ro-38. 

45.05 
50.57 
4.63 
22.71 
3.85 
2.00 

45.05 

39.67 

4.63 

22.71 

6.87 

2.00 

4.00 

Frit 

Mill  Batch. 

Pa 

rts. 

100 

4 

4 

45 

Clay 
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VII.  SUMMARY. 

The  conclusions  from  this  investigation  are  based  on  the  results 
obtained  in  the  application  of  132  enamels  to  approximately  900 
castings  in  this  laboratory.  About  600  trials  were  used  in  the 
study  of  white  ennamels  with  the  use  of  a  ground  coat  and  150 
each  for  the  colored  and  white  single-coat  enamels.  In  addition, 
some  of  our  laboratory  results  on  the  most  promising  enamels 
were  checked  at  the  plant  of  the  A.  J.  Lindemann  &  Hoverson 
Stove  Co.  In  this  part  of  the  work,  conducted  under  regular 
factory  conditions,  15  of  the  enamels  were  prepared  in  full-size 
commercial  batches  and  applied  to  about  325  stove  castings, 
such  as  oven  and  broiler  doors,  pouch-feed  frames,  fire-door 
panels,  main  fronts,  oven-burner  plates,  flue  doors,  and  brackets. 
The  results  of  the  factory  tests  have  been  considered  in  the  final 
preparation  of  this  report. 

The  investigation  has  resulted  in  the  development  of  a  number 
of  satisfactory  compositions  for  the  enameling  of  cast  iron  by  the 
wet  process.  A  suitable  technic  in  the  preparation  and  applica- 
tion of  the  enamels,  which  is  always  of  great  importance,  has  been 
developed  and  has  been  discussed  in  this  report  in  the  conclusion 
to  Part  I  and  Part  II. 

While  colored  enamels  of  a  single-coat  type  are  easily  produced, 
the  results  of  this  investigation  would  indicate  that  it  is  possible 
to  produce  white  enamels  over  a  ground  coat  with  a  more  satis- 
factory texture  and  opacity  than  is  possible  in  enamels  to  be 
applied  directly  to  the  iron. 

The  writers  wish  to  express  their  appreciation  of  the  cooperation 
of  W.  C.  Lindemann  in  furnishing  the  castings  used  in  this  inves- 
tigation and  in  placing  at  our  disposal  the  equipment  of  the 
enameling  department  of  the  A.  J.  Lindemann  &  Hoverson 
Stove  Co.  for  the  purpose  of  checking  our  results  on  a  factory  scale. 
Thanks  are  extended  to  Evadne  Saeger  for  assistance  in  preparing 
the  large  number  of  test  specimens  involved  in  the  investigation. 

Washington,  May  24,  1923. 


A  NEW  ELECTRICAL  TELEMETER. 

By  Burton  McCollum  and  O.  S.  Peters. 


ABSTRACT. 

Development  work  has  been  in  progress  for  several  years  at  the  Bureau  of  Standards 
on  an  electrical  telemetric  device  suitable  for  the  measurement  of  strains,  forces,  dis- 
placements, and  accelerations,  with  the  view  of  making  an  instrument  remote  reading 
and  remote  recording,  and  at  the  same  time  adapted  to  the  measurement  of  quanti- 
ties that  are  rapidly  varying  in  value.  Satisfactory  progress  has  been  made  and  suffi- 
cient accuracy  and  stability  obtained  for  many  kinds  of  engineering  measurements. 
For  its  operation  this  device  depends  upon  the  displacement-resistance  characteristic 
or  corresponding  pressure -resistance  characteristic  of  a  stack  of  carbon  plates.  Means 
for  mounting  such  stacks  have  been  devised  that  enable  accurate  and  dependable  cali- 
bration and  give  sufficient  stability  to  readily  withstand  the  shocks  due  to  ordinary 
handling. 

Practical  applications  so  far  made  consist  of  the  following:  (i)  Measurement  of 
loads  in  airplane  stay  cables  during  flight,  (2)  measurement  of  strains  in  airship  girders 
during  construction,  (3)  tests  of  bridge  members  subjected  to  live  loading,  (4)  tests 
of  airship  girders  and  bridge  members  in  the  laboratory,  (5)  measurement  of  pull  on 
pressure  arm  of  dynamometer,  and  (6)  measurement  of  pressure. 

The  chief  advantages  obtained  over  instruments  heretofore  available  for  similar 
purposes  are  that  simultaneous  records  or  readings  can  be  made  of  strains,  forces, 
and  pressures  occurring  at  a  number  of  widely  separated  points,  and  that  rapidly 
varying  values  can  be  photographically  recorded  in  their  true  proportions.  Measure- 
ments can  also  be  made  in  places  which  are  inaccessible  during  tests. 
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I.  INTRODUCTION. 

In  this  paper  there  is  described  a  type  of  electrical  telemeter 
adapted  to  making  a  variety  of  physical  measurements  of  impor- 
tance in  scientific  and  engineering  work,  such  as  strains  in  struc- 
tural members,  pressures,  small  displacements,  and  accelerations. 
One  of  the  more  important  applications  of  this  new  instrument, 
and  one  which  well  illustrates  its  utility,  is  that  of  measuring 
strains  in  structural  members.  The  strain  gauges  at  present  avail- 
able for  measuring  strains  in  structural  members  are  subject  to 
rather  serious  limitations  with  respect  to  the  information  which 
they  will  yield,  more  especially  those  of  the  indicative  type.  In 
measuring  strains  in  structural  members  by  means  of  these 
gauges  a  displacement  in  a  small  portion  of  the  member  under 
test  is  used  as  a  basis  of  measurement.  Since  this  displacement 
is  extremely  small,  any  instrument  designed  for  reading  in  the 
usual  way  by  a  pointer  or  other  indicator  must  have  interposed 
between  the  pointer  and  the  terminals  in  contact  with  the  test 
member  an  amplifying  mechanism  to  multiply  the  movement 
several  hundred  fold.  In  the  use  of  these  mechanical  amplifying 
arrangements  it  has  not  been  possible  to  eliminate  large  hysteresis 
effects  due  to  friction  in  the  moving  parts,  so  that  accurate  indi- 
cations are  not  obtainable  of  the  strains  accompanying  reversal 
of  dynamic  stress,  such  as  might  be  found  in  bridge  members.  In 
addition,  because  of  the  inertia  of  the  moving  parts,  such  devices 
are  not  capable  of  giving  even  approximate  indications  of  stresses 
of  short  duration  or  of  harmonic  stresses  caused  by  vibrations. 
The  inertia  of  the  moving  parts  simply  causes  the  strain  to  be 
averaged  and  gives  the  mean  value.  Where  steady  loads  only  are 
applied,  this  is  sufficient,  but  in  all  cases  of  structures  subjected 
to  live  loading  the  indication  of  the  average  strain  often  falls  far 
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short  of  what  is  necessary  to  determine  the  true  condition  of  the 
stresses  in  the  member. 

Furthermore,  if  strains  due  to  transient  stresses  of  short  dura- 
tion or  high-frequency  stresses  are  to  be  measured  accurately, 
some  sort  of  recording  device  must  be  used,  since  it  is  not  possible 
to  read  such  strains  directly  even  if  an  instrument  were  available 
which  would  indicate  them  accurately.  Among  engineers  inter- 
ested in  structural-materials  testing  there  has  long  been  felt  the 
need  of  an  instrument  capable  of  more  extended  application  than 
the  usual  mechanical  strain  gauges,  and  particularly  one  which 
would  correctly  measure  and  record  the  strains  accompanying 
high-frequency  stresses  and  transient  stresses  of  short  duration. 
This  need  has  been  met,  in  part,  with  photographically  recording 
instruments,  the  entire  mechanism  of  which  was  devised  to  clamp 
to  the  member  under  test.  Recording  devices  of  this  type,  how- 
ever, are  subject  in  use  to  the  vibrations  of  the  structure  to  which 
they  are  attached,  are  incapable  of  application  in  many  places  on 
account  of  their  size,  and  as  an  additional  limitation  records  can 
not  conveniently  be  obtained  on  a  number  of  structural  members 
simultaneously. 

The  object  of  this  paper  is  to  describe  the  fundamental  prin- 
ciples and  applications  of  an  instrument  that  has  been  developed 
with  the  view  of  overcoming  in  a  satisfactory  manner  the  limita- 
tions set  forth  in  the  preceding  paragraphs  and  which,  as  previously 
mentioned,  has  also  numerous  other  applications  than  to  the 
measurement  of  strains  in  structural  members.  Briefly,  it  can 
be  made  either  remote  reading  or  remote  recording  and  the  indi- 
cating or  recording  portion  of  the  mechanism  readily  located  at 
any  convenient  point  at  a  distance  from  the  member  under  test 
where  it  will  not  be  affected  by  vibration  or  shocks.  In  addition, 
records  of  the  strains  in  a  number  of  members  can  be  taken 
simultaneously,  so  that  a  correct  knowledge  may  be  had  of  the 
distribution  of  stress  in  various  elements  of  a  structure  and  a 
great  saving  of  time  effected  where  large  numbers  of  readings  or 
records  are  to  be  taken. 

II.  ELEMENTARY  PRINCIPLES. 

The  electrical  telemeter  here  described  depends  upon  the  well- 
known  fact  that  if  a  stack  of  carbon  plates  is  held  under  pressure 
a  change  of  pressure  will  be  accompanied  by  a  change  of  electrical 
resistance  and  also  a  change  of  length  of  the  stack,  both  of  which 
are  reversible,  the  stack  of  plates  under  change  of  pressure  per- 
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forming  like  an  elastic  body.  If,  therefore,  suitable  terminal 
pieces  or  mountings  for  the  stack  of  plates  are  supplied  which  can 
be  attached  to  a  structural  member  at  two  points  spaced  some 
distance  apart,  the  application  of  stress  in  the  direction  of  the  line 
joining  the  terminal  pieces,  with  the  resulting  strain,  will  change 
the  length  of  the  stack  and  also  the  electrical  resistance  on  account 
of  the  change  of  pressure.  It  thus  becomes  possible  with  proper 
arrangements  to  obtain  an  indication  of  the  amount  of  strain  in 
the  structural  member,  and  in  all  cases  where  stress  is  proportional 
to  strain  to  establish  a  definite  relation  between  stress  and  the 
electrical  resistance  of  the  carbon  stack.  This  resistance  can 
readily  be  measured  at  any  convenient  point  by  running  wire 
from  the  terminals  of  the  carbon  resistor  to  a  suitable  measuring 
instrument,  which  furnishes  the  highly  desirable  remote  reading 
or  remote  recording  feature  previously  mentioned.  Means  have 
been  devised  for  calibrating  the  measuring  instrument  directly 
in  terms  of  strain  or  force  as  seems  desirable.  It  is  obvious  that 
by  proper  mountings  strains  or  forces  from  almost  any  source 
are  readily  measureable,  as  well  as  those  from  structural  members. 
The  idea  of  utilizing  the  displacement  resistance  characteristic 
or  the  correlated  pressure  resistance  of  a  stack  of  carbon  plates 
for  making  engineering  measurements  is  not  new.  Numerous 
measurements  have  been  made  in  this  way  in  the  past,  but  on 
account  of  hysteresis  effects  and  the  nonlinear  character  and 
instability  of  the  calibration  the  accuracy  obtained  was  low. 
The  means  whereby  these  defects  have  been  overcome  to  an 
extent  sufficient  to  give  a  degree  of  accuracy  quite  ample  for  many 
classes  of  engineering  measurements  are  fully  set  forth  in  this  paper. 

1.  ELECTRICAL    CONTACT    ELEMENTS   IN    WHEATSTONE    BRIDGE 

CIRCUIT. 

For  the  sake  of  clearness  the  elementary  principle  on  which 
the  new  telemeter  functions  is  shown  in  simple  diagrammatic  form 
in  Figure  1.  Here  1  is  a  portion  of  the  structural  element,  the 
strain  in  which  is  to  be  measured;  2  and  3  are  terminal  blocks 
rigidly  attached  to  the  structural  element;  and  4  is  a  series  of 
carbon  disks  under  pressure,  forming  a  device  the  resistance  of 
which  varies  if  the  pressure  is  changed.  It  will  be  seen  that  if 
the  member  1  be  subjected  to  stress  either  of  tension  or  com- 
pression there  will  be  a  relative  displacement  of  the  terminals  2  and 
3,  which  will  give  rise  to  a  change  in  the  pressure  exerted  by  the 
plunger  5  on  the  resistor  element  4,  resulting  in  changes  in  resist- 
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ance  of  the  latter.  If  the  apparatus  is  properly  constructed, 
these  resistance  changes  will  bear  a  definite  relation  to  the  strain 
in  the  member  under  test  and  will  therefore  afford  a  measure  of 
such  strain  from  which  the  stress  can  be  determined. 

Figure  2  shows  in  principle  an  arrangement  whereby  the  strain 
in  the  test  member  may  be  read  directly  on  an  indicating  instru- 
ment at  any  convenient  point.     The  displacement  resistance  de- 


Fig.  i. — Diagrammatic  illustration  of  principle  of  carbon 
strain  gauge. 

vice  4  is  placed  in  one  arm  of  a  Wheatstone  bridge,  the  other 
three  arms  of  which  are  6,  7,  and  8.  The  bridging  instrument  9, 
which  may  be  a  milliammeter  or  oscillograph  element,  serves  to 
indicate  the  extent  of  any  unbalance  in  the  bridge  circuit.  The 
battery  10  energizes  the  bridge  circuit,  and  the  current  is  regu- 
lated by  the  variable  resistance  11.  The  resistances  6,  7,  and  8 
are  so  adjusted  that  the  bridge  is  balanced  when  the  stress  to 


Fig.  2. — Diagram  showing  principle  of  connecting  single 
element  resistor  in  Wheatstone  bridge. 

be  determined  is  zero  and  the  bridging  instrument  9  will  give  no 
indication.  Then,  when  the  test  member  is  placed  under  stress 
the  changes  in  the  resistance  of  the  displacement-resistance  de- 
vice 4  will  destroy  the  balance  of  the  bridge  and  the  extent  of  the 
unbalance,  and  therefore  the  strain  will  be  indicated  by  the 
bridging  instrument  9,  which  may  be  calibrated  to  read  directly 
the  strain  in  the  member. 
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2.  REASONS   FOR   ERRATIC    PERFORMANCE    OF    RESISTOR   ELEMENTS 

HERETOFORE  USED. 

As  stated  previously,  numerous  attempts  have  been  made  to 
apply  this  principle  but  without  success.  A  serious  difficulty  was 
encountered  in  the  fact  that  carbon-contact  resistances  as  here- 
tofore constructed  have  shown  a  more  or  less  erratic  performance, 
their  resistances  varying  from  time  to  time,  and  the  sensitivity 
or  change  of  resistance  for  a  given  change  of  pressure  varying 
greatly.  A  careful  study  of  the  cause  of  this  instability  has  been 
made,  and  it  is  found  that  if  two  or  more  pieces  of  carbon  be  placed 
in  contact  and  subjected  to  a  certain  pressure  there  will  be  a 
definite  relationship  between  the  resistance  and  the  pressure  as 
long  as  the  points  at  which  contact  between  the  separate  pieces 
occur  remain  absolutely  the  same.  If,  however,  there  is  the 
slightest  change  in  the  number  or  location  of  the  areas  of  con- 
tact, there  will  be  sudden  and  erratic  changes  in  resistance,  as 
well  as  in  sensitivity  to  further  variations  of  pressure.  These 
changes  in  the  number  and  location  of  the  contact  areas  may 
occur  if  the  contact  areas  are  stressed  beyond  the  elastic  limit, 
resulting  in  crushing,  or  they  will  occur  in  case  the  slightest  move 
is  made  in  a  tangential  direction  between  two  adjacent  surfaces 
in  contact.  Such  a  tangential  displacement,  even  though  very- 
small,  will  cause  large  changes  in  resistance. 

The  reason,  therefore,  why  these  devices  have  in  the  past 
shown  erratic  performances  is  that  the  construction  has  been 
such  as  to  permit  either  slight  lateral  displacements  or  permit 
the  pressures  at  times  to  become  sufficiently  great  to  cause  crush- 
ing of  the  contact  surfaces.  To  overcome  these  difficulties  sev- 
eral conditions  must  be  realized.  First,  the  surfaces  in  contact 
should  be  ground  flat  to  a  sufficient  extent  to  give  a  relatively 
large  area  to  the  actual  contacts,  as  in  this  way  the  danger  of 
stressing  these  contact  areas  beyond  the  elastic  limit  of  the  car- 
bon is  reduced  greatly.  It  is  further  necessary  to  so  mount  the 
carbon  plates  that  it  will  not  be  possible  to  set  up  under  ordinary 
conditions  of  use  a  shearing  stress  across  the  contact  surface.  In 
addition,  the  apparatus  must  be  so  constructed  that  the  varia- 
tions of  pressure  under  normal  conditions  of  working  will  not 
be  sufficient  to  give  iise  to  permanent  change  of  conditions  at 
the  contact  surfaces.  The  essential  features  of  the  design  of 
the  apparatus  whereby  these  results  are  accomplished  will  be 
described  later. 
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3.  HYSTERESIS  EFFECTS  DUE  TO  MECHANICAL  FRICTION. 


Another  serious  difficulty  that  has  been  encountered  in  previous 
attempts  to  utilize  carbon-contact  resistances  for  strain-gauge 
measurements  arises  from  the  marked  tendency  of  the  apparatus 
to  show  hysteresis  effects  so  that  the  indications  for  a  given 
stress  will  differ  greatly,  depending  upon  whether  the  particular 
stress  is  approached  from  a  higher  or  lower  value.  It  has  been 
heretofore  believed  that  this  tendency  to  show  hysteresis  effects 
was  an  inherent  property  of  carbon-contact  resistances.  An 
extensive  study  of  this  subject,  however,  has  shown  that  such 
is  not  the  case,  and  that  the  hysteresis  effects  heretofore  observed 
have  been  due  to  mechanical  friction  in  the  mountings  and  ter- 
minal apparatus  used  to  connect  the  carbon  resistors  to  the 
member  under  test.  If  these  terminal  connections  are  properly 
designed  so  as  entirely  to  eliminate  mechanical  friction,  the 
hysteresis   effects   substantially  disappear. 

4.  NEW  DESIGN  ELIMINATES  ERRATIC  PERFORMANCE  AND  HYSTERESIS 

EFFECTS. 

The  essential  features  of  design  of  an  apparatus  whereby  the 
difficulties  above  mentioned,  due  to  erratic  performances  and 
hysteresis  effects,  are  eliminated  are  shown  in  Figures  3  and  4, 
these  being  side  and  end  views,  respectively,  of  the  apparatus. 
Here  the  displacement-resistance  device  4,  consisting  of  carbon 


d 

14 


13 


II 


12 

16 

15 


17 


Fig.  3. — Method  of  mounting  single-element  resistor  for  strain  gauge 
{side  view). 


Fig.  4. — 

Strain-gauge 

mount  {end 

view) . 

disks  laid  in  contact,  is  held  pressed  between  the  two  rather 
stiff  plates  or  diaphragms  11  and  12,  the  plates  being  fixed  at  their 
outer  extremities  to  the  inclosing  frame  13.  A  set  screw  14  is 
provided  to  adjust  the  initial  pressure  on  the  pile  of  carbon  disks 
to  a  comparatively  high  value,  it  being  obvious  that  if  the 
disks  are  held  together  under  considerable  pressure  the  tendency 
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for  transverse  displacement  to  occur  will  be  greatly  reduced.  On 
the  other  hand,  the  higher  the  pressure  on  the  disks  the  smaller 
will  be  the  sensitivity  to  variations  of  pressure.  Care  must  be 
taken,  therefore,  to  make  this  initial  pressure  not  too  high,  as  by 
so  doing  the  sensitivity  will  become  too  low  for  practical  pur- 
poses. Furthermore,  this  initial  pressure  must  be  kept  well  below 
the  elastic  limit  of  the  carbon  disks  at  the  points  of  contact.  It 
is  desirable,  however,  to  make  this  initial  pressure  as  high  as 
these  two  considerations  will  permit.  A  plunger  75  is  connected 
at  one  end  to  the  plate  12  and  passes  through  a  third  plate  16 
and  is  firmly  connected  thereto.  The  inclosing  frame  13  may 
constitute  one  of  the  terminal  pieces,  corresponding  to  2  of  Figure  1 , 
which  is  to  be  rigidly  connected  to  the  member  under  test.  The 
plunger  15  is  extended  to  the  other  terminal  17,  corresponding 
to  3  of  Figure  1,  which  may  be  simply  a  solid  terminal  piece  or 
may  be  made  up  exactly  like  the  part  just  described. 

It  is  characteristic  of  a  plate  or  diaphragm  mounting  of  the  kind 
described  above  that  it  yields  readily  when  force  is  applied  near 
the  center  and  normal  to  the  plane  of  the  plate,  but  is  substan- 
tially rigid  and  unyielding  when  force  is  applied  tangentially  to 
this  plane.  It  will  be  seen,  therefore,  that  the  plate  type  of 
mounting,  when  used  for  mounting  both  the  displacement-resist- 
ance device  4  and  plunger  15,  accomplishes  two  purposes.  The 
plunger  being  entirely  supported  by  the  plates  12  and  16,  its  small 
necessary  displacement  in  an  axial  direction  is  permitted  by  a 
slight  warping  of  the  plate  and  all  sliding  contacts  are  eliminated 
and  hence,  for  reasons  given  above,  hysteresis  effects  are  entirely 
avoided.  Further,  the  rigidity  of  the  plates  in  all  directions, 
except  parallel  to  the  axis  of  the  plunger,  is  so  great  that  tan- 
gential motion  of  the  contact  surfaces  of  the  displacement-resist- 
ance device  4  relative  to  each  other,  due  to  shocks  or  lateral  forces 
on  the  plunger  that  may  occur  under  ordinary  conditions  of  use, 
is  prevented.  Consequently,  permanent  changes  of  resistance 
do  not  occur. 

It  is  seen  that  in  normal  operation  the  plunger  15  is  connected 
to  the  two  terminals  13  and  17,  which  in  turn  are  rigidly  con- 
nected with  the  member  under  test,  and  when  the  member  is 
subjected  to  stress  there  will  be  a  slight  movement  of  the  plunger. 
If  the  plate  11  is  made  too  rigid  in  the  direction  of  this  displace- 
ment, there  will  be  very  great  variations  in  pressure  on  the  dis- 
placement-resistance device  4,  which  if  too  great  will  give  rise  to 
permanent  changes  in  resistance  as  explained  above.     In  order 
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to  prevent  this,  both  11  and  12  are  made  sufficiently  yielding,  so 
that  the  small  displacement  to  which  the  plunger  is  subjected  in 
use,  which  can  readily  be  predetermined,  will  give  rise  to  a  varia- 
tion of  pressure  on  the  displacement-resistance  device  4,  which 
is  small  compared  to  the  initial  pressure  permanently  applied 
thereto.  It  is  important  that  the  plates  11,  12,  and  16  and  cor- 
responding parts  in  subsequent  drawings  be  made  integral  with 
the  frame  13,  so  as  to  prevent  all  possibility  of  sliding  friction  at 
these  points. 

Numerous  modifications  of  the  design  above  described  have 
been  used,  but  they  all  conform  to  the  essential  principles  here 
set  forth. 

S.  METHOD  OF  OBTAINING  LINEAR  CHARACTERISTICS. 

A  third  difficulty  heretofore  encountered,  and  one  of  consider- 
able importance  in  practical  engineering  work,  grows  out  of  the 
fact  that  the  resistance  of  a  series  of  carbon  contacts  is  not  a 
linear  function  of  the  displacement  of  the  terminals  nor  of  the 
pressure  applied  thereto.  This  makes  it  very  difficult  to  correct 
for  the  zero  shift  in  the  bridging  instrument  and  to  provide  for 
multiple  ranges  in  the  indicating  apparatus.  As  a  further  result 
of  this  nonlinear  relationship  any  factor  which  causes  a  change 
in  any  part  of  the  apparatus  will  introduce  errors,  the  magnitude 
of  which  depends  on  the  position  of  the  pointer  on  the  scale,  and 
which  consequently  can  not  be  taken  into  account  by  corrections 
and  correction  factors.  This  characteristic  is  inherent  in  carbon- 
contact  resistances,  but  an  arrangement  has  been  devised  whereby 
this  tendency  may  be  completely  rectified  and  the  apparatus 
caused  to  give  strictly  linear  indications  of  stress  and  strain. 

The  principle  whereby  this  result  is  secured  is  shown  in  Figure 
5 .  Here  one  resistance  unit  20  made  up  of  conductors,  preferably 
consisting  of  annular  rings  placed  in  contact,  is  held  in  place  by 
being  pressed  between  the  plates  22  and  24.,  and  another  21 
between  the  plates  24.  and  26,  the  two  units  being  insulated  by 
bushings  25.  These  two  units  are  connected  together  electrically 
by  the  wire  27.  A  plunger  28  is  connected  preferably  near  the 
center  of  the  plate  24.  at  the  point  29  and  extends  to  and  beyond 
the  plate  50,  to  which  it  is  also  firmly  fixed.  This  plunger  then 
extends  on  to  the  other  terminal  of  the  apparatus,  as  in  the  case 
shown  in  Figure  3.  If,  now,  the  leads  ji,  j2,  and  jj  be  brought 
out  to  any  convenient  point  at  which  it  is  desired  to  place  the 
indicating  instrument,  it  is  evident  that  the  two  resistances  20 
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and  21  can  be  connected  in  two  arms  of  a  Wheats  tone  bridge,  one 
such  arrangement  being  shown  diagrammatically  in  Figure  6. 
The  bridge  may  be  balanced  by  adjusting  the  relative  resistance 
of  the  two  remaining  arms  6  and  7  of  the  bridge.  It  will  now  be 
seen  that  if  a  displacement  be  applied  to  the  plunger  28  of  Figure 


Fig.  5. — Method  of  mounting  double-resistor  type  of  strain  gauge. 

5  in  an  axial  direction,  the  pressure  on  one  of  the  units  will  be 
increased  and  on  the  other  decreased,  both  of  which  effects  tend 
to  upset  the  balance  of  the  bridge  and  produce  a  deflection  in  the 
indicating  instrument  9. 


Fig.  6. — Diagram  showing  connection  of  the  two  elements 
of  strain  gauge  in  Wheatstone  bridge. 

By  this  arrangement  two  very  important  advantages  are 
obtained.  In  the  first  place,  the  effects  of  displacement  on  the 
two  resistance  units  is  cumulative  so  far  as  disturbing  the  balance 
of  the  bridge  is  concerned;  hence  a  given  effect  on  the  indicating 
instrument  can  be  secured  by  so  designing  the  apparatus  as  to 
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use  only  half  as  much  displacement  on  each  unit  as  would  be 
necessary  if  only  one  unit  were  used.  It  will  be  readily  under- 
stood that  since  the  relation  between  the  resistance  of  the  units 
and  the  displacement  applied  to  them  is  represented  by  a  curved 
line  as  previously  ex- 
plained, the  greater  the 
displacement  range  the 
greater  will  be  the  de- 
parture from  a  straight 
line.  Hence,  the  con- 
struction above  described, 
by  reducing  by  one-half 
the  amount  of  change  re- 
quired for  a  given  effect 
on  the  instrument,  gives 
a  much  closer  approxi- 
mation to  the  much  de- 
sired linear  relationship. 
The  second  important 
advantage    of    this    con- 


PRESSURE 
Fig.  7. — Curve  showing  characteristic  relations  between 
resistance  and  pressure   of  single  stack   of  carbon 
plates. 


struction  contributes  still  further  to  the  establishment  of  a  linear 
relationship.  This  can  best  be  understood  by  considering  the 
characteristic  curve  of  contact-resistance  devices  in  general.     A 

typical  form  of  such  curve 
is  shown  in  Figure  7.  It 
will  here  be  seen  that  with- 
in a  certain  wide  range 
the  curve  is  similar  to  an 
equilateral  hyperbola. 
When  the  pressure  is  small, 
the  curve  is  very  steep  and 
small  changes  of  pressure 
give  rise  to  relatively  large 
changes  of  resistance;  but 
as  the  pressure  increases 
the  rate  of  change  of  resis- 

FiG.  8.— Curve  showing  how   the  curved  character-  tance  with  pressure  Steadily 

istics  of  two  stacks  of  plates  are  combined  to  give  a  decreases.       Consider   now 

linea, 'relationship  between  deflection  of  instrument  what  happens  in  ^   Q^ 

and  pressure  or  aisptacment  being  measured. 

of  the  two  resistance  units 
used  as  shown  in  Figures  5  and  6.  When  no  displacement  is  applied 
to  the  plunger  28,  the  two  units  will  be  under  the  same  pressure, 
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which  may  be  taken  as  corresponding  to  the  point  34  of  Figure  7. 
If,  now,  the  plunger  28  be  gradually  displaced  in  a  direction  to 
increase  the  pressure  on  the  resistance  unit  20  toward  the  point 
35,  the  rate  of  change  of  resistance  with  displacement  will  have  a 
certain  value  at  start,  but  will  gradually  fall  off  with  increasing 
pressure  resulting  from  the  displacement.  .The  effect  on  the 
bridge  balance,  and  therefore  the  effect  on  the  instrument,  will 
vary  with  the  pressure  according  to  a  law  represented  by  the 
curve  56  of  Figure  8,  the  curve  bending  off  toward  the  pressure 
axis.  In  the  case  of  the  resistance  unit  21  the  pressure  will  be 
decreasing  toward  the  point  37,  and  from  Figure  7  it  will  be  seen 
that  the  rate  of  change  of  resistance  with  pressure  will  increase 
as  the  displacement  of  the  plunger  increases.  The  effect  of  this 
on  the  indication  of  the  instrument  will  be  as  represented  by  curve 
38  of  Figure  8  which  bends  upward  toward  the  axis  representing 
the  deflection  of  the  instrument.  Since,  as  explained  above,  the 
two  effects  are  cumulative,  the  resultant  effect  is  proportional 
to  the  mean  values  of  the  ordinates  of  these  two  curves  and  is 
shown  for  a  particular  case  by  the  curve  39  of  Figure  8,  which 
indicates  that  the  deflection  of  the  instrument  due  to  these  two 
superposed  effects  is  substantially  a  linear  function  of  the  applied 
stress.  In  Section  III  there  is  given  a  detailed  description  of 
some  practical  embodiments  of  the  principles  above  set  forth, 
together  with  a  discussion  of  some  applications  of  the  apparatus 
and  results  obtained  thereby. 

III.  CONSTRUCTION  AND  TESTING  OF  CARBON  RESISTOR 

ELEMENTS. 

1.  CONDITIONS  NECESSARY  FOR  STABILITY  OF  RESISTANCE. 

It  has  long  been  known  that  carbon  contacts  under  relatively 
high  pressure  are  of  comparatively  stable  resistance  as  long  as  the 
pressure  remains  undisturbed.  This  knowledge  was  used  to 
advantage  in  the  present  work,  but  preliminary  experiments 
showed  that  something  more  was  required.  In  order  to  utilize  the 
pressure-resistance  characteristic  or  corresponding  displacement- 
resistance  characteristic  of  the  carbon  contacts,  it  was  necessary 
to  change  the  pressure,  and  here  disturbances  entered  if  there  was 
the  slightest  lateral  movement  of  the  contact  surfaces,  or  if  the 
pressure  exceeded  the  elastic  limit  of  the  carbon,  causing  crushing. 
The  problem  consisted  then  in  devising  a  mounting  for  the  car- 
bon disks,  such  that  the  desired  initial  pressure  could  be  applied 
and  this  pressure  changed  by  an  applied  displacement  through  a 
predetermined  value  without  disturbing  the  relative  position  of 
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the  contacts  in  any  way.  In  Figure  9  is  shown  a  sketch  of  a 
device  which  accomplishes  this  purpose  and  which  was  used  in 
testing  carbon  contacts  under  various  conditions.  It  embodies 
some  of  the  essential  principles  of  the  measuring  devices  described 
later. 

Referring  again  to  Figure  9,  1  is  a  steel  frame  cut  from  a  solid 
piece  of  metal,  2  a  series  of  carbon  contacts  consisting  of  a  number 


Fig.  9.— Diagram  of  arrangement  for  checking  performance  of  single  stack  of  carbon  plates. 

of  annular  rings  described  in  detail  hereafter,  .j  a  pair  of  brass 
contact  disks  for  making  electrical  contact  with  the  carbon  rings, 
4  a  pair  of  mica  disks  insulating  the  carbon  pile  from  the  frame, 
and  5  a  pair  of  tempered  steel  end  pieces  cupped  axially  to  receive 
the  round-pointed  tempered  steel  set  screws  6,  which  are  threaded 
into  the  frame  and  held  rigidly  by  lock  nuts  7.  These  lock  nuts 
are  drawn  tight  after  the  desired  initial  pressure  on  the  carbon  is 
attained  in  order  to  prevent  any  movement  of  the  screws  in  the 
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thread.  Part  8  of  the  frame  is  made  rather  thin  and  functions  as 
a  stiff  spring  which  can  be  deflected  a  small  amount  by  suspending 
weights  from  the  hole  in  the  head  of  the  lower  set  screw.  Part 
9  is  a  magnetizing  coil  and  10  three  small  steel  rods,  one  of  which 
extends  to  the  lower  lock  nut,  the  other  two  being  set  rigidly  in 
the  top  part  of  the  steel  frame.  Part  11  is  a  small  steel  roller 
carrying  a  mirror,  the  roller  being  held  between  the  steel  rods  10, 
which  can  be  magnetized  by  the  coil  9,  causing  the  roller  to  stick 
and  eliminate  any  possibility  of  slippage  when  the  long  rod  moves 
longitudinally  with  respect  to  the  others. 

The  operation  is  as  follows:  A  stack  of  carbon  rings  being 
assembled  between  the  set  screws,  the  screws  are  drawn  up  to 
a  predetermined  pressure  shown  by  the  resistance  of  the  stack, 
which  can  be  measured  through  the  brass  contact  pieces.  The 
lock  nuts  are  then  tightened  to  prevent  further  movement  of  the 
screws  in  the  thread.  With  the  frame  clamped  rigidly  in  a  vise, 
weights  are  suspended  from  the  lower  set  screw  which  deflects 
the  spring  8  and  relieves  part  of  the  pressure  on  the  stack,  causing 
an  increase  of  resistance.  Weights  can  be  added  until  the  desired 
maximum  deflection  is  produced.  As  the  deflection  increases  the 
longer  of  the  three  rods  10  is  drawn  down,  causing  rotation  of 
the  roller  11,  the  amount  of  the  deflection  being  measured  by  the 
rotation  -of  a  beam  of  light  reflected  from  the  mirror  on  a  ground- 
glass  scale.  A  magnification  of  the  deflection  of  10,000  times  is 
easily  attained,  enabling  easy  reading  of  the  deflection  if  the 
dimensions  of  the  roller  and  the  distance  to  the  scale  are  known. 
In  this  manner  a  large  number  of  tests  were  made,  the  results 
being  shown  in  a  succeeding  section  of  this  paper  in  the  form  of 
several  displacement-resistance  curves;  that  is,  change  of  resist- 
ance as  compared  with  change  of  length  of  a  stack  of  rings,  which 
is  a  more  convenient  form  than  pressure-resistance  curves. 

The  absolute  accuracy  of  the  method  of  measuring  the  displace- 
ment depends,  of  course,  upon  the  accuracy  with  which  the 
diameter  of  the  roller  is  measured,  whether  it  is  cylindrical,  and 
other  factors.  The  errors  may  be  considerable,  but  at  the  same 
time  results  can  be  repeated  very  closely  which  is  valuable  in 
checking  the  stability  of  the  stack  and  the  effect  of  repeated 
cycles  of  displacement. 

The  thing  which  it  is  desired  to  emphasize  at  this  point  is  that 
a  device  of  the  character  described  above  contains  the  elements 
necessary  for  stability  of  the  electrical  resistance  of  the  stack  of 
rings.     The  pressure  is  applied  axially,  and  the  only  freedom  of 
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motion  is  axial,  there  being  no  rotating  or  shifting  parts.  Changes 
of  pressure  in  an  axial  direction  may,  therefore,  be  made  without 
disturbing  the  contacts  in  any  way.  It  is  assumed,  of  course, 
that  the  rings  have  nearly  parallel  plane  faces  and  are  assembled 
with  faces  perpendicular  to  the  axis  of  the  stack,  and  the 
mechanical  construction  is  accurate  throughout.  With  these  con- 
ditions fulfilled  it  has  been  found  that  the  resistance  will  retain  its 
value  within  1  per  cent  through  hundreds  of  cycles  of  change  of 
pressure  within  definite  limits  and  will  readily  withstand  shocks 
such  as  are  likely  to  be  encountered  in  ordinary  handling.  Where 
subjected  to  vibration  amounting  to  hammer  blows,  however, 
special  mountings  are  necessary.  Some  experimental  types  have 
been  tried  with  fair  success  but  are  not  ready  to  be  reported  upon 
at  this  time. 

2.  CONDITIONS  NECESSARY  FOR  ELIMINATION  OF  HYSTERESIS. 

It  was  noted  in  connection  with  Figure  9  that  the  steel  frame  1 
was  cut  from  a  solid  piece  of  metal,  making  a  structure  free  from 
mechanical  joints  and  depending  for  resistance  to  distortion  only 
on  the  elasticity  of  the  material.  This  form  of  construction  was 
evolved  after  numerous  trials  with  mechanically  jointed  frames, 
all  of  which  showed  a  large  hysteresis  loop.  Changing  the  charac- 
ter of  the  joints  changed  the  character  of  the  loop,  so  in  the  end  a 
trial  was  made  of  a  structure  without  joints.  The  hysteresis  loop 
disappeared  coincidentally  with  the  disappearance  of  the  joints, 
which  seemed  to  constitute  sufficient  proof  that  the  effect  lay 
not  in  the  carbon  but  in  the  mountings.  It  is  not  practicable, 
of  course,  to  entirely  do  away  with  contact  surfaces  other  than 
those  of  the  carbon,  because  pivot  contacts  are  necessary  at  either 
end  and  also  screws  for  applying  pressure.  By  making  these  of 
properly  tempered  steel,  however,  and  providing  lock  nuts,  crush- 
ing or  slipping  under  the  pressures  used  can  be  avoided  and  the 
hysteresis  reduced  to  a  negligible  amount. 

The  reason  for  the  large  contribution  of  the  mechanical  joints 
in  the  frame  to  the  hysteresis  effect  seems  to  lie  in  the  fact  that 
where  two  metallic  surfaces  are  brought  together,  even  under 
considerable  pressure,  a  force  of  sufficient  magnitude,  acting 
either  laterally  or  perpendicularly,  may  cause  movement  of  the 
parts  relatively  to  each  other.  This  movement  takes  place  under 
more  or  less  friction,  and  in  making  restoration  the  friction  load 
must  be  overcome.  Thus,  it  comes  about  that  in  a  frame  where 
the  sole  restoring  force  is  due  to  the  elasticity  of  the  material  any 

63245°— 24 2 


752  Technologic  Papers  of  the  Bureau  of  Standards.  [Voi.17 

slippage  of  this  sort  gives  rise  to  a  lag  in  the  restoration,  making 
it  appear  that  a  decreasing  pressure  produces  something  different 
from  that  obtained  with  increasing  pressure. 

It  should  be  pointed  out  here  that  in  no  part  of  the  structure 
can  the  elastic  limit  of  the  material  be  exceeded  without  produc- 
ing irreversible  changes  in  the  resistance  of  the  stack  of  rings. 
This  applies  particularly  to  the  pivot  points  and  their  cups.  As 
mentioned  previously,  the  points  should  be  slightly  rounded  to 
give  a  substantial  bearing  surface,  and  both  cups  and  points  should 
be  tempered,  preferably  to  a  light  straw  color.  In  less  degree  it 
also  applies  to  other  parts  and  is  a  factor  which  must  be  given 
careful  scrutiny  in  designing  anjr  form  of  strain  or  pressure- 
measuring  device  using  carbon  contacts. 

In  further  discussion  of  this  subject  the  assemblage  consisting 
of  the  series  of  carbon  contacts,  end  pieces,  set  screws,  and  frame 
will  be  referred  to  as  a  carbon  resistor,  since  in  all  of  its  applica- 
tions this  essential  form  is  retained,  with  only  minor  modifica- 
tions to  suit  particular  conditions. 

3.  DISPLACEMENT-RESISTANCE  CHARACTERISTICS  OF  CARBON 

RESISTORS. 

The  displacement-resistance  characteristic  of  a  typical  stack 
of  carbon  rings  is  shown  in  Figure  10.  Here  the  stack  of  rings, 
42  in  number  in  this  particular  case,  was  assembled  and  com- 
pressed in  a  frame  of  the  type  shown  in  Figure  9,  the  frame 
clamped  rigidly  in  a  vise,  so  there  could  be  no  deflection  of  spring 
8,  and  the  pressure  on  the  stack  released  by  means  of  the  upper 
set  screw,  which  would,  of  course,  cause  the  length  of  the  stack 
to  increase.  One  end  of  the  stack  being  fixed,  the  increase  of 
length  with  each  diminution  of  pressure  could  be  ascertained 
by  observing  the  movement  of  the  other  end,  which  was  done 
with  a  micrometer  microscope.  At  each  increment  of  length 
the  resistance  was  also  measured,  the  results  being  plotted  with 
displacement  values  as  abscissas  and  resistance  values  as  ordinates. 

In  connection  with  this  curve,  which  has  the  well-known  hyper- 
bolic form  associated  with  pressure-resistance  curves  for  various 
substances,  the  region  A-B  is  of  particular  interest,  because  it 
is  there  that  is  found  the  minimum  of  sensitivity  and  also  of 
stability  that  can  conveniently  be  made  use  of  in  practice.  Below 
A  the  stability  increases,  but  there  is  such  a  marked  decrease 
of  sensitivity  that  the  recording  or  indicating  instruments  used 
in  connection  with  measuring  devices  must  be  of  inconveniently 
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high  sensitivity,  whereas  above  B  the  sensitivity  increases  greatly, 
but  the  stability  becomes  so  uncertain  as  to  make  the  device 
subject  to  disarrangement  from  even  slight  shocks  or  vibration. 
3.0 
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In  the  region  A-B,  however,  which  is  approximately  at  the  knee 
of  the  curve,  there  is  a  combination  of  sensitivity  and  stability 
that  has  given  exceptionally  good  results  in  a  number  of  practical 
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applications.  Instruments  made  up  with  resistors  adjusted  to 
operate  in  this  region  have  been  in  use  more  than  two  years  with 
no  change  in  calibration  greater  than  2  per  cent.  The  question 
of  the  factors  which  affect  calibration  is  discussed  in  detail  later. 
In  Figure  11  is  shown  a  curve  taken  from  a  resistor  adjusted 
to  operate  in  the  region  corresponding  to  A-B  in  Figure  10.  It 
will  be  observed  that  the  lower  and  upper  values  of  resistance 
do  not  correspond  to  the  values  at  A  and  B  in  Figure  10,  but  this 
is  because   the  curves   are   from   different   stacks   of  rings.     In 
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general,  each  stack  will  have  a  different  value  for  the  most  de- 
sirable adjustment,  but  for  practical  purposes  a  number  of  stacks 
can  be  adjusted  to  the  same  value  if  the  carbon  in  each  is  of 
the  same  character.  Different  stacks  of  rings  of  the  same  kind 
of  carbon  prepared  in  the  same  way  also  give  slightly  different 
shapes  of  displacement-resistance  curve,  but  this  is  of  no  prac- 
tical consequence  as  far  as  ordinary  use  is  concerned.  Different 
kinds  of  carbon  give  great  differences  in  shape,  as  also  do  different 
methods  of  finishing  the  surfaces  of  the  rings  in  grinding.     This 
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fact  is  of  value  in  practical  applications  and  is  enlarged  upon 
further  along  in  this  paper. 

In  Figure  11  the  magnitude  of  the  change  of  resistance  is  of 
particular  interest,  it  being  approximately  46  per  cent  for  a 
change  of  length  of  0.00217  inch,  and  is  representative  of  the 
performance  of  carbon  resistors  in  general.  Attention  is  also 
directed  to  the  coincidence  of  increasing  and  decreasing  values; 
that  is,  the  hysteresis  effect  is  negligible. 

It  may  be  well  to  add  here  that,  although  in  the  tests  just 
described  the  stacks  were  adjusted  to  their  lower  value  of  re- 
sistance and  the  length  and  resistance  increased,  the  process 
could  be  reversed,  the  stacks  being  adjusted  to  the  upper  value 
of  resistance  and  the  length  and  resistance  decreased.  The  shape 
of  the  curve  is  the  same  between  the  same  limits,  a  fact  which  is 
of  interest  where  it  is  desired  to  give  the  maximum  range  to 
certain  types  of  strain  and  pressure  measuring  devices. 

4.  METHOD   OF  OBTAINING  STRAIGHT-LINE  CALIBRATION. 

Referring  to  Figure  10,  the  displacement-resistance  curve  of  a 
carbon  resistor  is  roughly  hyperbolic  in  form,, and  as  a  consequence 
when  a  single  resistor  is  used  with  an  indicating  or  recording 
electrical  instrument  having  uniform  scale  divisions  it  will  give  a 
similiarly  hyperbolic  displacement-deflection  curve.  This  is  incon- 
venient, because  it  involves  the  constant  use  of  a  calibration  sheet. 
It  is  much  more  desirable  to  make  the  instrument  direct  reading. 
Means  for  doing  this  were  described  in  the  first  part  of  this  paper, 
the  chief  feature  being  the  use  of  two  stacks  of  rings,  so  that  in  one 
the  resistance  decreases  while  in  the  other  it  increases.  The 
curves  of  the  two  stacks,  being  similar,  compensate  each  other,  and 
it  has  been  found  by  experiment  that  if  the  same  displacement  takes 
place  in  opposite  directions  in  a  pair  or  stacks  made  as  near  alike 
as  practicable  the  readings  of  the  instrument  become  a  linear 
function  of  the  quantity  being  measured. 

In  the  practical  embodiment  of  this  principle  the  two  stacks  of 
rings  are  assembled  on  opposite  sides  of  a  flat  spring,  which  is 
made  to  deflect  by  the  force  or  displacement  under  measurement. 
For  small  amounts  this  deflection  is  proportional  to  the  force 
applied,  which  means  that  the  displacement  of  the  stacks  is  also 
proportional,  and  the  ultimate  effect  is  to  produce  proportional 
deflections  of  the  indicating  instrument.  Aside  from  the  matter 
of  stright-line  calibration,  the  use  of  a  spring  between  the  stacks 
as  a  means  of  communicating  forces  and  displacements  to  them 
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permits  the  adjustment  of  the  initial  resistance  of  the  stacks  to 
any  desired  value,  equal  or  unequal,  which,  in  a  case  where 
stresses  or  strains  having  no  reversal  of  sign  are  being  measured, 
may  be  the  means  of  greatly  increasing  the  range  of  the  instru- 
ments. This  is  the  case  in  a  load  indicator  for  flexible  members 
described  later. 

5.  KIND  AND  FORM  OF  CARBON  EEST  SUITED  TO  RESISTORS. 

This  subject  is  one  in  connection  with  which  a  great  deal  of 
experimental  work  remains  to  be  done.  Of  the  large  variety  of 
carbons  available  only  a  few  have  so  far  been  tested.  Preliminary 
trials  were  made  with  soft  carbon,  such  as  that  used  for  ordinary 
arc  lights,  but  it  soon  became  apparent  that  these  would  not  give 
good  results.  In  order  to  get  a  stack  of  a  convenient  value  of 
resistance,  it  would  have  to  be  made  inconveniently  long,  since 
the  resistivity  of  soft  carbon  is  low  and  the  contact  resistance 
between  surfaces  also  low.  Harder  carbons  were  then  made  up 
into  stacks  and  gave  satisfactory  results,  the  best  so  far  being 
obtained  with  negative  searchlight  carbons.  The  experiments 
made  up  to  this  time  have  been  confined  largely  to  the  searchlight 
carbon,  chiefly  because  practical  applications  were  called  for 
long  before  the  research  work  could  be  completed,  but  other 
carbons  have  been  experimented  with,  and  stacks  having  resist- 
ances from  10  to  100  ohms  are  now  available. 

The  searchlight  carbons,  being  in  the  form  of  cored  rods,  thin 
sections  are  sawed  off,  the  section  of  core  removed,  and  the  result- 
ing annular  ring  ground  to  the  desired  thickness.  The  sawing  is 
done  in  a  lathe,  using  for  a  cutter  a  short  piece  of  hacksaw  blade 
which  is  set  at  an  angle  in  a  tool  holder  and  can  be  advanced  while 
the  carbon  rod  revolves  at  a  rapid  rate.  The  blade  wears  very 
rapidly  and  must  be  frequently  renewed.  Sawing  in  this  manner 
results  in  inconsiderable  breakage  and  gives  a  ring  thin  enough  to 
permit  rapid  finishing  by  grinding.  The  grinding  is  done  by 
means  of  a  pair  of  revolving  cast-iron  disks  described  in  section  6 
following. 

The  thickness  of  the  rings  is  an  important  factor,  since  the 
total  resistance  of  the  stack  for  a  given  grade  of  carbon  depends 
principally  upon  the  number  of  surfaces  in  contact,  and  it  is  very 
desirable  to  keep  the  stack  within  reasonable  dimensions.  The 
minimum  thickness  that  it  seems  practicable  to  use  without  undue 
fragility  is  about  0.020  inch.  Rings  can  be  ground  to  this  thick- 
ness with  ease,  especially  where  there  are  few  flaws  in  the  carbon 
rods. 
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A  stack  of  60  is  about  1%  inches  long.  The  outside  diameter 
ranges  from  -^  to  y%  inch  and  the  inside  diameter  from  -^  to  -^ 
inch.  The  resistance  ranges  from  0.8  to  0.9  ohm  for  the  lower 
value  and  from  1.2  to  1.3  ohms  for  the  upper  value.  Stacks  of 
from  50  to  60  are  used  regularly  and  constitute  a  very  convenient 
unit. 

The  use  of  annular  rings  has  several  advantages,  the  main  one 
being  that  for  a  given  resistance,  and  consequently  a  given  cross- 
sectional  area,  there  is  obtained  a  more  stable  arrangement  than 
would  result  from  the  use  of  solid  disks  because  of  the  larger 
outside  diameter.  The  annular  ring  also  grinds  better,  a  solid 
disk  tending  to  be  high  at  the  axis,  whereas  the  annular  ring  is 
free  from  this  tendency  because  the  center  is  removed.  There  is 
also  the  matter  of  radiation  of  heat  while  current  is  passing  through 
the  stacks.  The  amount  of  heat  liberated  is  small,  of  course,  but 
at  the  same  time  it  is  desirable  to  have  it  radiated  at  the  lowest 
practicable  internal  temperature,  and  here  the  annular  rings 
have  the  advantage  because  of  the  greater  radiating  surface  in 
proportion  to  contact  area.  On  the  whole,  the  annular  ring 
appears  to  be  the  most  satisfactory  form. 

6.  METHOD  OF  GRINDING. 

Since  the  construction  of  a  considerable  number  of  resistors 
involves  the  grinding  of  a  large  number  of  rings,  it  is  desirable  to 
have  some  means  of  turning  them  out  rapidly.  The  grinding 
machine  used  for  most  of  the  work  so  far  done  consists  of  a  pair 
of  cast-iron  disks  five-eighths  of  an  inch  thick  and  of  unequal 
diameters,  that  of  the  lower  being  12  inches  and  of  the  upper 
7X  inches.  The  larger  disk  is  supported  in  a  vertical  axial  bearing 
and  made  to  revolve  at  about  60  rpm  by  means  of  a  belt  running 
in  a  groove  on  the  edge.  The  upper  disk  rests  directly  on  the  lower, 
with  centers  sufficiently  eccentric  to  make  the  circumferences 
approximately  tangential,  and  is  held  by  an  axial  bearing.  Revolv- 
ing the  lower,  therefore,  causes  the  upper  also  to  revolve,  resulting 
in  a  grinding  motion  between  the  two.  The  upper  disk  is  bored 
full  of  holes  a  little  larger  than  the  carbon  rings  and  each  hole 
provided  with  a  rather  close-fitting  steel  plug  about  1%  inches 
long,  with  a  shoulder  to  prevent  its  coming  closer  to  the  bottom 
of  the  hole  than  the  desired  thickness  of  the  finished  carbon  ring. 

In  operation  the  carbon  rings  are  placed  in  the  holes  in  the  upper 
cast-iron  disk,  with  the  steel  plugs  resting  on  them,  and  the  cast- 
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iron  disks  revolved,  the  resulting  motion  of  the  two  being  such  as 
to  drag  the  carbon  over  the  cast  iron.  Powdered  emery  or  other 
grinding  material  is  fed  in  between  the  revolving  disks.  After 
grinding  one  side  of  the  rings  flat  they  are  turned  over  and  finished 
from  the  other  side.  The  machine  as  designed  holds  77  rings  and 
takes  about  two  hours  for  grinding  the  lot. 

The  finished  rings,  while  not  perfectly  flat  with  parallel  faces, 
are  so  to  within  a  thousandth  of  an  inch  on  the  average;  that  is, 
the  thickness  of  opposite  sides  of  a  ring  will  be  the  same  within  a 
thousandth  of  an  inch.  While  this  may  not  be  as  high  a  degree  of 
precision  as  might  be  desirable,  rings  so  finished  have  been  found 
to  be  satisfactory,  and  a  reasonable  tolerance  greatly  increases 
the  speed  of  production. 

7.  EFFECT  OF  DIFFERENT  CARBON  SURFACES. 

The  use  of  different  grades  of  emery  in  grinding  the  carbon  rings 
results  not  only  in  different  shapes  of  the  displacement-resistance 
curve  for  different  stacks  but  also  in  greatly  different  values  of 
resistance  for  a  given  pressure.  In  Figure  12  are  shown  some 
curves  in  the  region  corresponding  to  A-B  in  Figure  10,  which 
were  taken  from  stacks  of  rings  of  the  same  kind  of  carbon  but 
ground  with  different  sizes  of  grinding  material.  Here  curve  j  is 
from  a  stack  ground  with  No.  200  emery,  which  is  one  of  the 
medium  sizes.  The  next  curve  2  is  from  a  stack  of  rings  that  had 
been  polished  by  rubbing  on  a  carbon  plate.  Curve  5  is  from  a 
stack  ground  with  No.  2F  emery,  or  the  grade  next  coarser  than 
emery  flour.  Curve  4  is  from  a  stack  of  rings  ground  with  No.  303 
emery,  which  is  fine  enough  to  remain  in  suspension  in  water. 

These  curves  indicate  first  of  all  that  the  finer-grained  surfaces 
give  much  less  contact  resistance  than  the  coarser-grained  sur- 
faces, and  also  that  the  rate  of  change  of  resistance  with  displace- 
ment is  greater  with  the  former  than  with  the  latter.  The  polished 
surface  is  the  most  sensitive  of  any  to  change  of  displacement. 
This  desirable  feature  of  high  sensitivity,  however,  is  somewhat 
counterbalanced  by  lack  of  stability,  so  in  the  practical  applica- 
tions that  have  been  made  preference  has  been  given  to  the 
carbon  with  the  coarser-grained  surface,  No.  200  emery  being 
used  for  most  of  the  grinding.  The  curves  of  Figures  10  and  11 
were  obtained  from  stacks  ground  with  No.  100  emery  and  show 
sufficient  sensitivity  for  nearly  all  purposes.  Much  work  remains 
to  be  done  here,  however,  especially  on  the  finer  grained  and 
polished  surfaces,  because  in  certain  applications  they  are  likely 
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to  be  very  useful.  The  polished  stack,  for  instance,  which  has  a 
curve  approximately  parabolic,  may  prove  useful  in  measuring 
physical  forces  which  vary  according  to  the  law  of  squares,  as 
does  wind  pressure. 
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8.  AGING  OF  RESISTORS. 

When  a  resistor  is  newly  assembled  and  adjusted  there  is  likely 
to  be  more  or  less  variation  of  the  initial  resistance  during  the 
first  applications  of  change  of  pressure.  This  variation  is  not 
great,  but  generally  takes  on  the  character  of  an  increase  of  a  few 
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per  cent  until  a  stable  value  is  reached.  In  assembling  new 
apparatus,  therefore,  it  is  desirable  to  put  it  through  several 
hundred  cycles  before  calibrating  it.  After  the  first  calibration 
it  should  be  checked  at  frequent  intervals  for  a  time  to  see  whether 
any  further  change  takes  place.  The  factor  of  time  enters  to 
some  extent,  but  after  a  month  nearly  all  of  the  instruments  so 
far  built  had  reached  a  condition  of  stability  such  that  only 
occasional  checking  was  necessary,  the  same  as  is  necessary  in 
the  case  of  all  other  instruments  used  in  engineering  measurements. 
The  apparent  reason  for  the  aging  quality  is  that  the  end 
pieces,  pivot  bearings,  threads,  and  carbon  stacks  all  go  through 
a  slow  and  permanent  deformation  process,  or  a  bedding  into 
each  other,  which  tends  toward  reduction  of  pressure  on  the 
stack  and  a  consequent  increase  of  resistance.  After  the  resistor 
has  been  assembled  for  some  time,  however,  and  has  been  put 
through  several  hundred  cycles  covering  its  maximum  range, 
changes  become  very  small. 

9.  TIME  TESTS  OF  RESISTORS. 

There  has  not  yet  been  opportunity  to  observe  a  set  of  resistors 
over  a  period  of  years,  but  some  data  are  available  to  show  the 
degree  of  stability  with  ordinary  handling.  The  first  case  is  that 
of  a  stress  indicator  for  airplane  and  airship  stay  cables,  in  which 
two  resistors  were  incorporated.  This  was  in  use  or  lying  around 
the  laboratory,  being  moved  from  place  to  place  with  no  particu- 
lar care  for  more  than  one  and  one-half  years.  Measurements 
show  a  change  of  resistance  in  one  resistor  of  1  per  cent  and  in  the 
the  other  of  0.2  of  1  per  cent  during  that  time.  There  was  also 
a  net  change  of  calibration  within  a  period  of  corresponding  length, 
but  not  of  the  same  date,  of  a  little  less  than  2  per  cent.  Six 
other  instruments  of  the  same  kind  after  four  months  of  rather 
rough  handling  showed  changes  of  calibration  of  less  than  1.6  per 
cent.  The  calibration,  however,  was  made  on  some  of  the  regular 
stay  cables,  which  are  rather  stiff  and  uneven,  and  the  changes 
are  of  the  same  order  as  the  errors  in  making  readings,  so  doubtless 
the  calibration  does  not  give  a  fair  indication  of  the  degree  of 
precision  attainable  with  carbon  resistors.  They  do  indicate, 
however,  that  even  under  unfavorable  conditions  the  degree  of 
precision  is  great  enough  for  engineering  purposes. 

The  second  case  is  that  of  carbon  resistor  No.  5,  the  displace- 
ment-resistance curve  of  which  is  shown  in  Figure  11.  This 
resistor  was  assembled  April  8,   1921,  put  through  a  number  of 
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cycles,  and  a  displacement-resistance  curve  made  April  14,  1921. 
In  assembling  the  top  set  screw  was  accidentally  twisted  off  with, 
the  lock  nut,  so  no  adjustment  could  be  made.  Until  July  11, 
1922,  this  resistor  was  handled  a  great  deal  and  moved  from  place 
to  place.  On  the  latter  date  a  second  displacement-resistance 
curve  was  made,  the  two  being  plotted  in  Figure  13.  It  is  there 
seen  that  the  two  curves  coincide  as  nearly  as  could  be  expected. 
No  change  of  appreciable  magnitude  occurred  in  15  months,  in 
which  time  no  particular  care  was  taken  to  prevent  shocks  or 
handling. 
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In  comparing  Figure  13  with  Figure  11  it  will  be  observed  that 
the  resistances  are  not  exactly  the  same  in  the  two  cases.  This  is 
because  in  Figure  11  the  resistance  of  a  short  pair  of  leads  is 
included,  while  in  Figure  13  it  is  not.  The  resistance  of  the  leads 
was  subtracted  before  plotting  the  curve  of  Figure  13  in  order  to 
place  the  data  for  the  two  dates  on  the  same  basis. 
10.  REPRODUCTION  OF  VIBRATING  STRESSES  BY  CARBON  RESISTORS. 

In  order  to  determine  something  in  regard  to  the  natural  period 
of  a  stack  of  carbon  rings,  a  piece  of  apparatus  was  made  up  as 
shown  diagrammatically  in  Figure  14.  Here  A  is  a  frame  cut  from 
a  solid  piece,  with  a  tongue  B  integral  with  the  frame.     The  car- 
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bon  stacks  are  mounted  on  either  side  of  this  tongue,  the  move- 
ment of  which  is  indicated  by  a  roller  carrying  a  mirror.  Lami- 
nated pole  pieces  are  provided  so  the  tongue  can  be  vibrated  with 
an  alternating  current.  The  apparatus  was  mounted  inside  the 
cover  of  an  oscillograph,  so  simultaneous  records  could  be  taken 
of  the  mechanical  vibration  and  of  the  accompanying  electrical 
vibrations  of  the  oscillograph  element,  which  formed  the  bridging 
instrument  shown  in  Figure  6.  The  natural  period  of  the  oscillo- 
graph element  was  about  5,000  per  second,  with  oil  damping. 


STEEL  ROD 


Fig.  14. — Arrangement  for  optically  checking  the  performance  of  double-stack  arrangement 

of  carbon  resistors. 

Having  adjusted  the  current  in  the  stacks  and  that  in  the  alter- 
nating-current circuit  to  values  that  would  give  somewhere  near 
the  same  amplitude  of  the  light  spots  from  the  mirror  on  the 
roller  and  that  on  the  oscillograph  element,  some  records  were 
taken,  one  of  which  is  shown  in  Figure  15,  the  deflections  begin- 
ning at  the  moment  of  closing  the  alternating-current  switch. 
The  resulting  traces  illustrate  the  building  up  of  a  forced  vibration 
in  an  elastic  member,  the  forced  vibration  being  at  the  rate  of  1 20 
per  second,  or  double  that  of  the  exciting  current,  and  the  other, 
which  is  the  natural  frequency  of  the  elastic  tongue,  at  about  840 
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Fig.  15.     Oscillogram  showing  accuracy  of  reproduction  of  stress  wave  by  carbon 

resistor. 


Fig.   16. — Details  of  arrangement  of  double  stack  strain  gauge  for  use  on 
flexible  cable. 
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Fig.   17. — Two  strain  gauges  mounted  on 
single  cable. 
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per  second.  Scaling  the  traces  near  the  beginning  where  the 
higher  frequency  is  steady  and  also  near  the  end  where  the  lower 
frequency  is  steady  shows  the  relative  amplitudes  to  be  within  5 
per  cent;  that  is,  the  stacks  of  rings  reproduce  the  amplitudes  at 
120  cycles  per  second  and  at  840  cycles  per  second  within  5  per 
cent  of  their  true  values,  which  is  within  the  possible  error  of 
measurement.  It  appears,  therefore,  that  up  to  840  cycles  per 
second,  at  least,  a  properly  mounted  pair  of  carbon  stacks  can  be 
depended  upon  to  reproduce  mechanical  vibrations  with  sufficient 
accuracy  for  engineering  purposes.  Further  experiments  will  be 
conducted  to  determine,  if  possible,  the  resonance  frequency  of 
stacks  of  carbon  plates  under  the  pressures  normally  used. 

11.  TEMPERATURE  EFFECTS. 

As  mentioned  previously,  carbon  resistors  are  subject  to  temper- 
ature effects,  the  chief  effect  arising  from  the  discrepancy  in  expan- 
sion or  contraction  of  the  frame  and  carbon  stack  with  change  of 
temperature,  which  changes  the  pressure  and  therefore  the  resist- 
ance. Much  experimental  work  remains  to  be  done  on  this  fea- 
ture, but  enough  data  are  available  to  show  that  it  is  small  and 
can  readily  be  compensated  by  adjustment  of  the  electrical  cir- 
cuits as  the  temperature  changes. 

IV.  ELECTRIC    TELEMETER    AS    REMOTE    READING    AND 
RECORDING   STRAIN   AND   LOAD    GAUGES. 

The  main  problems  encountered  in  the  design  of  instruments 
involving  the  use  of  carbon  resistors  are  discussed  below,  special 
reference  being  made  to  instruments  for  measuring  loads  in  flexible 
members,  such  as  airplane  stay  cables,  to  instruments  for  measur- 
ing strains  in  rigid  members  such  as  are  found  in  steel  bridges,  and 
to  methods  of  indicating  or  recording  the  results. 

1.  LOAD  INDICATOR  FOR  FLEXIBLE  MEMBERS. 

The  details  of  a  load  indicator  for  flexible  members  are  shown 
in  Figure  16,  in  which  a  pair  of  resistors  are  mounted  in  a  tool- 
steel  frame  formed  from  a  solid  piece.  Part  1  of  the  frame  acts 
as  a  double  spring,  which  is  rigidly  held  together  by  the  yoke  2, 
so  that  the  two  parts  deflect  together.  The  stacks  of  carbon 
rings  occupy  boxes  on  either  side.  In  the  end  of  each  box  nearest 
the  spring  are  holes  which  allow  the  steel  end  pieces  of  the  stacks 
to  rest  in  cups  made  in  the  spring  itself.     Pressure  is  applied  to 
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the  stacks  by  means  of  the  set  screws  threaded  into  the  outer  ends 
of  the  boxes  and  drawn  up  with  lock  nuts.  The  yoke  2  is  provided 
with  a  saddle  upon  which  rests  the  cable  in  which  the  tension  is 
to  be  measured.  At  the  outer  ends  of  the  frame  are  two  more 
saddles,  slightly  movable  in  a  longitudinal  direction  (see  fig.  17) 
set  lower  than  the  central  saddle.  Clamping  the  cable  to  these 
saddles  puts  a  bend  in  it,  which  tends  to  straighten  when  load 
comes  on  the  cable  and  produces  pressure  on  the  central  saddle. 
This  deflects  the  spring  and  changes  the  resistance  of  the  stack  of 
plates,  that  of  the  stack  in  the  direction  of  pressure  being  decreased 
and  the  other  increased. 

Figure  17  shows  a  complete  view,  back  and  front,  of  the  assem- 
bled instrument,  a  three-conductor  lead  being  used  to  connect 
the  carbon  stacks  to  the  indicating  device.  Of  this  three-con- 
ductor lead  one  conductor  goes  to  each  of  the  outer  ends  of  the 
two  stacks,  the  third  being  common  to  the  inner  ends.  The 
stacks  and  leads  are  carefully  insulated  from  the  frame.  The 
span  covered  by  the  instrument  shown  is  12  inches;  the  bend  in 
the  cable  is  one-eighth  inch.  The  pressure  on  the  spring,  there- 
fore, is  about  2  per  cent  of  the  tension  of  the  cable. 

The  instrument  is  calibrated  by  clamping  it  to  a  standard  size 
of  stay  cable,  suspending  weights  from  the  end  of  the  cable  and 
taking  readings.  A  typical  curve  for  three  sizes  of  cable  is  shown 
in  Figure  18.  It  is  there  seen  that  substantially  a  straight  line  is 
obtained.  It  will  be  noted,  however,  that  the  curve  for  the 
one-quarter  inch  cables  does  not  pass  through  zero,  nor  does  it 
coincide  with  the  curve  for  the  smaller  cables.  This  arises  from 
the  stiffness  of  the  cable,  which  produces  a  deflection  by  the  process 
of  bending  the  cable  with  no  load  on  it.  On  the  smaller  sizes  this 
effect  is  negligible,  but  on  the  larger  sizes  it  must  be  taken  into 
account. 

The  chief  sources  of  error  in  making  measurements  of  the 
tension  in  cables  lie  in  the  stiffness  of  the  cable,  in  distortion  due 
to  kinks  or  bends,  and  in  more  or  less  friction  in  the  instrument 
due  to  sliding  as  the  cable  elongates  under  load.  The  first  two 
may  cause  errors  in  initial  readings,  but  these  can  be  eliminated 
to  a  large  extent  by  care.  The  stiffness  of  the  cable,  or  its  resist- 
ance to  bending,  can  be  taken  account  of  in  the  calibration,  be- 
cause cables  of  the  same  size  and  material  are  quite  uniform  in 
this  respect.  The  calibration  curve  passes  above  the  zero  point 
by  an  amount  proportional  to  the  bending  effect.  The  effects  of 
distortion  can  be  made  negligible  by  checking  the  initial  tension 
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in  each  cable  with  some  form  of  tensiometer  and  then  moving  the 
stress  indicator  about  until  the  correct  initial  reading  is  shown. 
Once  this  adjustment  is  made  any  change  of  tension  will  be  prop- 
erly recorded.  The  friction  due  to  sliding  contacts  gives  rise 
to  a  hysteresis  loop,  so  that  readings  of  decreasing  tension  are 
somewhat  different  from  those  of  increasing  tension.  In  the 
instruments  so  far  built  this  hysteresis  effect  makes  a  difference 
of  about  2  per  cent  in  the  upper  part  of  the  curve.  However, 
if  readings  are  confined  to  increasing  loads  and  reasonable  care  is 
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used  in  clamping  the  instrument  to  the  cable,  tensions  may  be 
measured  within  5  per  cent,  which  is  probably  as  great  an  accuracy 
as  could  be  expected  under  the  conditions  of  measurement. 

2.  STRAIN  INDICATOR  FOR  RIGID  MEMBERS. 

The  details  of  a  strain  indicator  for  rigid  members  are  shown 
in  Figure  1 9  in  which  1  is  a  steel  frame  formed  from  a  solid  piece, 
and  2  a  cantilever  of  nonuniform  cross  section  which  is  an  integral 
part  of  the  frame,  the  upper  end  being  fixed  and  the  lower  end 
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free.  Part  3  is  a  rod  which  is  threaded  into  the  cantilever  and 
drawn  up  with  a  lock  nut,  the  rod  being  free  in  the  guide  4,  which 
fits  closely  enough  to  prevent  appreciable  lateral  movement. 
The  stacks  of  rings  are  assembled  on  each  side  of  the  cantilever, 
with  a  three-conductor  lead  connecting  the  stacks  to  the  indicating 
device.  The  steel  end  pieces  forming  the  inner  ends  of  the  stacks 
rest  on  pivot  points  in  cups  in  the  cantilever,  the  bottoms  of  the 
cups  being  as  close  to  the  neutral  axis  of  the  cantilever  as  practi- 
cable. The  thickness  of  the  metal  between  the  cups  is  about 
one  sixty-fourth  of  an  inch.  At  the  top  are  binding  posts  at  a 
gap  in  the  conductor  common  to  both  stacks,  which  allows  an 
electrical  instrument  to  be  inserted  for  purposes  of  adjustment 
when  clamping  the  instrument  to  a  member  under  test.  At  the 
outer  end  of  the  rod  is  a  block  with  two  nuts  which  serve  to 
adjust  the  position  of  the  cantilever  and  also  clamp  the  block 
to  the  rod.  The  span  covered  by  the  instrument  shown  is  8 
inches. 

In  operation  the  indicator  is  attached  to  a  member  as  illustrated 
in  Figure  20,  the  sharp  steel  points  shown  at  either  end  in  Figure 
19  being  forced  into  small  punch  marks  in  the  metal  to  hold 
against  slippage  because  some  force  is  required  to  move  the 
cantilever,  and  if  the  stress  is  vibratory  the  inertia  of  the  clamps 
and  gauge  itself  may  give  rise  to  considerable  forces.  The  clamp- 
ing is  done  with  the  nuts  at  the  outer  end  of  the  rod  loose.  These 
are  later  drawn  up  in  such  a  way  as  to  bring  the  cantilever  to  its 
initial  position,  as  shown  by  the  indicating  instrument.  As  stress 
comes  on  the  member  the  length  increases  or  decreases,  as  the  case 
may  be,  and  the  rod  and  cantilever  move  relatively  to  the  frame. 
Part  of  this  displacement  is  communicated  to  the  stack  of  rings, 
changing  their  resistance.  The  ratio  of  displacement — that  of 
the  member  to  that  of  the  stacks — in  the  instrument  shown  is 
about  10  to  1.  This  ratio  can  be  changed  by  changing  the  rela- 
tive positions  of  the  rod  and  the  stacks  of  rings. 

The  force  required  to  operate  the  instrument  depends  largely 
upon  the  resistance  of  the  cantilever  to  bending.  To  make  this 
as  small  as  practicable,  there  is  a  relief  cut  in  the  cantilever  near 
its  fixed  end.  In  any  case  the  force  required  need  not  exceed  10 
pounds,  which  is  a  very  small  part  of  the  total  stress  involved. 

A  typical  calibration  curve  is  given  in  Figure  21,  which  shows 
the  performance  in  both  tension  and  compression  with  reversal 
of  stress.  The  method  of  calibration  is  to  clamp  the  instrument 
to  a  frame  having  a  movable  block,  one  end  of  the  instrument  being 
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clamped  to  the  frame  and  the  other  to  the  block.  By  moving  the 
block,  displacements  measurable  by  a  graduated  screw  can  be 
communicated  to  the  cantilever  and  corresponding  readings  made 
on  the  indicating  device.  Calibrations  of  this  sort  have  been 
made  on  numerous  occasions  on  devices  made  at  the  Bureau  of 
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Standards,  especially  for  the  purpose  of  calibrating  strain  gauges, 
and  show  that  with  great  care  results  can  be  obtained  with  errors 
not  greater  than  0.5  of  1  per  cent,  with  ordinary  care  not  greater 
than  2  per  cent,  and  under  unfavorable  conditions  not  greater  than 
5  per  cent.     All  of  the  work  so  far  done  indicates  that  the  possible 
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upper  limit  of  accuracy  of  the  instrument  has  by  no  means  been 
attained.  At  present  the  accuracy  of  the  results  seems  to  be 
determined  in  considerable  measure  by  the  errors  of  the  instru- 
ments used  in  the  indicating  device,  which  may  be  kept  within 
1  per  cent  with  some  of  the  more  inexpensive  instruments,  and 
be  reduced  to  a  fraction  of  1  per  cent  with  instruments  of  better 
construction.  With  ordinary  handling,  the  stability  of  the 
calibration  bears  out  in  marked  degree  the  indications  given  by 
the  results  of  tests  on  carbon  resistors  previously  discussed. 

Referring  again  to  the  curve  in  Figure  21,  it  will  be  observed 
that  the  readings  on  increasing  and  decreasing  displacements 
practically  coincide;  that  is,  there  is  very  little  backlash  or  hys- 
teresis. This  is  of  advantage,  especially  in  column  testing, 
where  on  account  of  flexure,  a  part  may  start  out  in  compression 
and  then,  with  added  increments  of  load,  reverse  and  pass  through 
zero  stress  into  tension.  Many  cases  may  arise  where  this  feature 
is  of  value. 

The  chief  sources  of  error  lie  in  slippage  of  the  clamps,  in  tem- 
perature effects,  in  bending,  and  in  the  slight  hysteresis  that 
may  be  present.  The  clamps  must  be  strong  enough  to  produce 
sufficient  pressure  to  force  the  steel  points  into  the  member  under 
test,  and  in  this  way  slippage  can  be  largely  avoided.  In  any  case 
it  is  likely  to  be  negligible  except  where  the  stresses  being  measured 
are  accompanied  by  strong  vibrations.  Then  the  weight  of  the 
clamp  itself  becomes  an  important  factor.  Whether  the  clamps 
are  holding  or  not  can  generally  be  determined  from  the  zero 
reading  once  the  instrument  is  in  place  and  adjusted.  Hys- 
teresis and  temperature  effects  can  be  taken  care  of  in  the  cali- 
bration. 

3.  ELECTRICAL  CIRCUITS  FOR  INDICATING    OR  RECORDING  MEASURE- 
MENTS. 

As  mentioned  in  the  first  part  of  this  paper,  the  carbon  stacks 
are  connected  in  a  Wheatstone  bridge  circuit  in  the  manner  shown 
diagrammatically  in  Figure  22.  The  two  branches  of  the  circuit 
consist  of  the  carbon  stacks  and  leads  in  series  on  the  one  hand 
and  the  resistance  Rit  R2,  and  R3  on  the  other,  R1  and  R2  are 
fixed  resistances,  while  R3  is  a  slide  wire  resistance  with  a  movable 
contact  by  means  of  which  a  fine  degree  of  balance  of  the  bridge 
is  obtainable.  The  indicating  or  recording  instrument  which 
may  be  a  milliammeter  or  oscillograph  element,  is  connected 
between  the  midpoint  of  the  carbon  stacks  and  the  movable  contact 
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on  Rz.  Current  is  sent  through  the  bridge  circuit  from  the  battery 
at  the  left  and  kept  at  some  suitable  constant  value  by  means  of 
the  variable  resistance  R4.  In  order  to  obtain  the  maximum 
effect  from  any  change  in  the  resistance  of  the  stacks,  the  resist- 
ances i?x  and  R2  are  made  as  nearly  equal  as  practicable  to  the 
combined  resistances  of  the  stacks  of  rings  and  leads  which  oppose 
them.  The  resistance  R3  is  from  10  to  15  per  cent  of  the  fixed 
resistances  in  series  with  it. 

In  use  the  bridge  is  closely  balanced  either  in  the  original 
adjustment  of  the  carbon 
stacks,  as  in  the  load  indica- 
tor for  flexible  members,  or 
by  adjustment  of  the  stacks 
to  zero  position,  as  in  the 
strain  indicator  for  rigid 
members.  Final  balance  is 
made  by  a  slight  movement 
of  the  movable  contact  on  „„,  ,„  „.„ 

OSCILLOGRAPH  OR 

R3.     As  strain  comes  on  the  milliammeter 

member  the  resistances  of 
the  stacks  are  changed,  up- 
setting the  balance  and  caus- 
ing deflection  of  the  bridging 
instrument.  As  long  as  the 
current  taken  by  the  bridg- 
ing instrument  is  small  com-  VOLTS 
pared  with  the  total  current 
the  deflections  will  be  pro- 
portional to  the  total  change 
of  resistance  of  the  stacks, 
and  since  this  is  proportional 
to  the  displacement  the  ulti- 
mate result  is  to  produce 
deflections  of  the  bridging  instrument  that  are  proportional  to  the 
displacement.  Thus  there  is  obtained  a  calibration  curve  which  is 
sufficiently  near  to  a  straight  line  for  engineering  purposes.  By 
proper  adjustment  of  current  and  the  resistance  of  the  bridging 
instrument  the  arrangement  can  be  made  direct  reading,  which 
does  away  with  curve  sheets  entirely. 

The  total  current  through  the  bridge  circuit  may  be  anything 
up  to  several  amperes,  although  it  has  been  found  that  above  about 
0.6  ampere  for  the  types  of  resistors  so  far  used  there  are  varia- 
tions of  resistance  due  to  heating  of  the  carbon.     While  these 
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22. — Diagram  of  circuit  of  practical  form  of 
strain  gauge. 
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variations  are  small,  they  are  undesirable  and  are  kept  as  small 
as  practicable  by  using  the  least  current  that  can  be  used  effec- 
tively. For  many  purposes  currents  of  0.6  ampere  or  less  are 
ample,  although  where  stresses  of  high  frequency  are  concerned  it 
is  necessary  to  use  larger  currents  because  of  the  lack  of  sensitivity 
of  the  high-frequency  oscillograph  elements  which  must  be  used 
for  recording.  Since  the  current  divides  almost  equally  between 
the  two  branches  of  the  bridge,  a  total  current  of  0.6  ampere  gives 
rise  to  the  liberation  of  energy  in  a  stack  of  i-ohm  resistance  at  a 
rate  of  about  0.09  watt.  Where  very  accurate  results  are  de- 
sired, this  rate  of  liberation  of  energy  is  about  the  maximum  that 
can  be  allowed,  although  much  larger  rates  are  allowable  in  cer- 
tain cases. 

The  leads  from  the  carbon  stacks  to  the  other  portion  of  the 
bridge  circuit  may  be  of  almost  any  length,  but  the  resistance 
should  not  exceed  that  of  the  stacks  because  of  cutting  down  the 
sensitivity.  Leads  of  No.  16  copper  wire  100  feet  long  have  been 
used  successfully,  but  longer  leads  of  larger  size  could  also  be 
used.  Since  the  length  and  size  of  the  leads  are  determined 
largely  by  the  resistance  of  the  carbon  stacks,  it  is  desirable  to 
make  the  resistance  of  these  as  great  as  practicable.  Experi- 
ments made  so  far  show  that  resistances  up  to  100  ohms  are 
readily  obtainable,  which  permit  the  use  of  leads  of  almost  any 
length. 

The  resistance  of  the  indicating  or  recording  instrument  with 
its  leads  should,  in  general,  be  approximately  the  same  as  that 
of  one  of  the  arms  of  the  bridge  circuit,  although  there  may  be 
great  variations  in  this,  depending  upon  the  sensitivity  of  the 
instrument  and  the  type  of  measurements  that  are  being  made. 
For  steady  stresses  a  milliammeter  having  a  resistance  of  1  to  3 
ohms  and  a  full-scale  deflection  of  10  to  30  milliamperes  will 
generally  be  satisfactory,  whereas  in  measuring  vibratory  stresses 
it  may  be  necessary  to  go  to  an  oscillograph  element  having  a 
natural  frequency  of  1,000,  a  resistance  of  1.5  ohms,  and  a  current 
sensitivity  of  20  milliamperes  per  centimeter  deflection.  Instru- 
ments of  both  types  have  been  used,  and,  in  general,  it  is  neces- 
sary to  choose  an  instrument  suited  to  the  particular  work  in  hand. 

It  should  be  noted  here  that  calibration  is  made  at  some  con- 
stant value  of  the  current  in  the  bridge  circuit,  and  since  the  de- 
flections of  the  bridging  instrument  are  directly  dependent  upon 
the  value  of  this  current  it  becomes  necessary  to  keep  the  bridge 
current  accurately  adjusted  in  order  to  insure  accuracy  in  the 
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results.  With  a  storage  battery  as  a  source  of  current  this  is 
easily  done  and  requires  little  attention,  but  is  a  factor  which 
should  be  especially  emphasized. 

4.  RANGE  OF  SENSITIVITY. 

With  the  electrical  circuits  shown  in  Figure  22  there  is  possible 
a  very  great  range  of  sensitivity,  which  for  some  kinds  of  work 
is  very  desirable.  In  the  first  place,  the  total  bridge  current 
can  generally  be  varied  from  about  0.1  to  0.6  ampere,  which  gives 
a  ratio  of  1  to  6,  since  the  deflections  of  the  bridging  instrument 
are  directly  proportional  to  the  total  bridge  current;  that  is,  in  a 
laboratory  set  designed  for  measuring  a  maximum  of  0.012  inch 
displacement  with  0.1  ampere  in  the  bridge  circuit,  it  is  possible 
to  obtain  full  deflection  of  the  bridging  instrument  with  0.002 
inch  displacement  by  increasing  the  total  current  to  0.6  ampere. 
In  the  second  place,  by  the  provision  of  spare  parts  the  ratio  of 
reduction  of  the  instrument  itself  can  be  changed,  as  in  an  indica- 
tor for  rigid  members  the  span  can  be  changed,  or  the  relative 
positions  of  the  stacks  of  rings  and  the  point  of  application  of 
the  displacement.  Thus,  with  a  single  instrument  it  is  possible 
to  vary  the  range  of  measurement  by  a  ratio  of  20  to  1  or  more. 

V.  FIELD   AND   LABORATORY   TESTS. 
1.  AIRPLANES. 

The  practical  use  of  the  devices  described  herein  has,  of  course, 
been  limited,  but  there  has  been  enough  done  with  them  to  prove 
them  of  great  value  in  making  measurements  both  in  the  field 
and  laboratory.  The  type  for  flexible  members  has  been  tried 
on  several  occasions  on  airplanes  of  the  Navy  Department,  and 
in  both  the  indicating  and  recording  forms  have  given  steady  and 
reliable  operation,  showing  plainly  the  magnitude  of  the  loads 
in  the  stay  cables  under  different  conditions  of  the  plane  in  flight. 
There  was  no  effect  from  the  vibration  of  the  plane  that  tended  to 
interfere  with  the  readings.  In  fact,  laboratory  tests  have  shown 
that  vibration  of  the  cable  is  of  service  in  doing  away  with  the 
effects  of  friction  due  to  sliding  of  the  cable  as  it  elongates.  A 
photographic  recorder,  one  view  of  which  with  its  cover  removed 
is  shown  in  Figure  23,  has  been  built  for  airplane  use.  With  it 
12  simultaneous  records  can  be  made  of  the  loads  in  the  stay 
cables  of  a  plane,  which  is  a  sufficient  number  to  cover  one  entire 
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wing.  Records  of  this  kind  will  be  valuable  in  checking  the 
stress  diagrams  used  in  airplane  design  which  have  not  hereto  fore 
been  checked  by  actual  simultaneous  measurements  of  all  of  the 
stay  cables  in  a  wing. 

2.  AIRSHIPS. 

The  type  for  rigid  members  has  found  extensive  use  in  laboratory 
work  in  testing  airship  girders.  A  large  number  of  these  girders 
were  tested,  and  strain-gauge  measurements  at  as  many  points 
as  practicable  were  desirable.  A  group  of  six  carbon  resistor 
gauges  was  set  up,  the  six  separate  bridge  circuits  being  assembled 
on  one  panel,  so  the  operator  had  before  him  constantly  an  index 
to  the  performance  of  the  material  at  six  points  in  the  member 
under  test.  The  readings  were  made  rapidly,  milliammeter  read- 
ings only  being  necessary,  and  resulted  in  a  great  saving  of  time 
as  compared  with  the  use  of  dial  gauges,  which  would  necessitate 
continual  passing  from  one  point  to  another  and  checking  against 
a  gauge  bar  to  see  that  correct  readings  were  obtained.  The 
carbon  resistor  gauges  have  the  advantage  that  they  remain  in 
place  throughout  the  test,  and  in  that  way  measurements  by 
individuals  are  more  likely  to  be  uniform  than  they  would  other- 
wise be.  The  readings  of  the  carbon  resistor  gauges  were  checked 
by  short-span  dial  gauge  measurements,  by  overall  strain  meas- 
urements, and  by  frequent  calibration  and  were  found  as  accurate 
at  least  as  the  best  dial  gauges  and  with  the  additional  advantage 
of  a  great  saving  of  time  and  fatigue  of  the  operator. 

A  test  has  also  been  made  of  members  of  an  airship  under 
construction  during  the  initial  inflation  of  one  of  the  gas  bags. 
Readings  were  taken  at  six  points  near  a  joint  in  the  frame  located 
70  feet  above  the  floor  of  the  hangar,  leads  50  feet  long  being 
used,  which  enabled  the  operator  to  work  on  a  convenient  plat- 
form. Similar  readings  might  be  taken  during  flight  with  gauges 
located  at  parts  of  the  frame  widely  separated  and  difficult  of 
access,  with  the  indicating  panel  placed  where  it  could  be  observed 
at  all  times. 

3.  BRIDGES. 

Laboratory  application  has  been  made  in  testing  steel  plate 
girders,  12  gauges  being  read  by  one  operator  rapidly  and  con- 
veniently. Some  preliminary  work  has  also  been  done  on  steel 
bridges,  simultaneous  records  having  been  taken  on  a  railroad 
bridge  where  heavy  trains  were  passing  at  frequent  intervals. 
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Fig.  23. — 12-element  recorder  with  cover  removed. 


Fig.   25. — Assembly  view  of  6-element   recorder  and  six  gauges  with  connecting 

cables. 
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In  Figure  24  are  shown  some  of  the  records,  and  while  these  were 
taken  solely  with  the  view  of  ascertaining  the  performance  of  the 
apparatus  and  do  not  constitute  a  sufficient  basis  for  analysis  of 
the  distribution  of  stress  in  the  structure  they  may  be  taken  as 
a  fair  indication  of  what  may  be  expected  in  the  way  of  vibrations 
and  the  character  of  the  stresses  involved. 

Four  traces  are  shown  taken  on  corresponding  diagonal  tension 
members  on  opposite  sides  of  the  structure,  the  gauges  being 
interchanged  in  the  middle  of  the  series  to  ascertain  whether 
different  gauges  in  the  same  place  would  show  similar  performance. 
Trace  No.  5  shows  1 -second  intervals. 

Record  No.  1  shows  the  effects  of  a  freight  train  going  south  at 
18  miles  per  hour,  gauges  Nos.  1  and  2  being  on  the  same  side  of 
the  bridge  as  the  train,  and  therefore  showing  the  greatest  stress. 
Record  No.  10  shows  the  effects  of  a  freight  train  drawn  by  two 
locomotives  going  north  at  13  miles  per  hour,  the  gauges  having 
been  interchanged  so  Nos.  1  and  2  were  again  on  the  same  side  as 
the  load.  Record  No.  16  shows  the  effects  of  a  passenger  train 
going  north  at  18  miles  per  hour.  In  records  1  and  10  only  part  of 
the  passage  is  shown,  the  recorder  having  been  stopped  after  the 
engine  had  crossed  the  span.  In  every  case  the  trace  returned  to 
the  zero  line,  however,  as  shown  in  record  No.  16.  Vibrations 
continued  until  long  after  the  train  had  passed,  there  appearing 
to  be  a  transfer  of  energy  from  one  part  of  the  bridge  to  another 
for  a  considerable  time. 

The  traces  were  made  with  an  oscillograph  recorder,  shown  in 
Figure  25,  the  elements  of  which  had  a  natural  frequency  of  about 
600  cycles  per  second.  These  were  damped  sufficiently  to  come  to 
rest  in  approximately  1 X  cycles,  the  damped  frequency  being  about 
300  cycles  per  second.  The  fact  that  carbon  stacks  will  reproduce 
mechanical  vibrations  in  true  proportion  up  to  more  than  800 
cycles  per  second  having  already  been  shown,  there  is  little  doubt 
that  the  vibrations  of  the  traces  in  Figure  24  are  those  of  the  mem- 
bers under  test,  rather  than  sympathetic  vibrations  of  some  part 
of  the  measuring  apparatus.  In  this  connection  it  should  be  noted 
that  the  vibrations  of  the  parts  of  the  gauges  themselves  were 
forced,  so  the  natural  period  of  the  tongue  and  rod  would  have  no 
effect.  The  frequencies  shown  range  from  2  to  50  cycles  per 
second,  and  while  their  magnitude  is  not  large  in  the  present  case, 
other  cases  may  arise  where  the  vibratory  stresses  are  of  sufficient 
magnitude  to  warrant  serious  study. 
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In  the  records  shown  there  are  six  traces,  four  being  traces  of 
gauge  measurements,  one  of  time  intervals,  and  one  inactive.  The 
six,  however,  could  be  used  for  gauge  measurements  with  an  addi- 
tional one  for  timing,  which  would  allow  simultaneous  measure- 
ments to  be  made  at  six  points  in  a  bridge.  This  number  can  be 
increased,  and  work  in  the  direction  of  constructing  an  oscillograph 
recorder  which  will  enable  simultaneous  measurements  at  1 2  points 
in  a  structure  will  be  undertaken,  as  in  the  analysis  of  bridge  struc- 
tures simultaneous  measurements  at  a  large  number  of  points  are 
desirable. 

4.  DYNAMOMETERS. 

One  instrument  has  been  put  into  service  measuring  the  pull 
at  the  pressure  arms  of  an  electrodynamometer  used  for  testing 
brake-band  material  in  which  there  was  a  great  deal  of  vibration, 
so  much  that  reading  a  spring  balance  was  tedious  and  the  results 
inaccurate.  The  electrical  device  showed  steady  operation  and 
allowed  graphical  recording,  which  released  the  services  of  the 
operator  for  other  duties. 

5.  PRESSURE  GAUGES. 

So  far  experimental  applications  have  been  made  to  the  meas- 
urement of  air  pressures  ranging  from  o  to  300  mm  of  mercury 
and  to  oil  pressures  up  to  40,000  lbs./in.2 

VI.  PRACTICABLE  APPLICATIONS. 

The  carbon-resistor  type  of  instrument  is  adaptable  to  the  meas- 
urement of  forces  from  any  source,  provided  the  force  to  be 
measured  is  great  enough  to  operate  a  suitably  designed  device 
for  communicating  the  necessary  pressure  to  the  carbon  resistors. 
While  no  attempt  has  been  made  to  determine  the  lower  limit  of 
force  with  which  satisfactory  results  can  be  obtained,  the  indica- 
tions are  that  with  multiplying  levers  and  allowing  the  necessary 
movement  forces  of  the  order  of  tenths  of  grams  can  be  measured. 

In  the  measurement  of  displacements  the  movement  is  fixed, 
so  that,  in  general,  the  smaller  the  displacement  to  be  measured 
the  greater  the  force  required  because  of  the  smaller  ratio  of  the 
multiplying  lever.  Where  displacements  in  structural  materials 
are  to  be  measured,  the  total  force  is  generally  great  enough,  so 
that  the  part  required  to  operate  the  gauge  is  an  inappreciable 
part  of  the  total,  in  no  case  exceeding  10  or  12  pounds.     In  the 
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case  of  other  displacements,  however,  as  in  parts  of  machinery  or 
apparatus,  the  available  force  may  be  small,  and  consequently 
may  be  troublesome  to  apply. 

Where  liquid  or  gas  pressures  of  low  values  per  unit  area  are 
involved— that  is,  values  of  the  order  of  a  few  millimeters  of 
mercury— a  flexible  diaphragm  can  be  used  which  can  be  so 
proportioned  as  to  give  the  necessary  total  force.  The  upper 
limit  of  pressure  which  can  be  measured  is  limited  only  by  the 
elastic  limit  of  the  materials  of  which  the  gauge  can  be  made. 

In  the  measurement  of  forces  and  displacements  which  are 
vibratory  in  character  consideration  must  always  be  given  to 
the  question  of  natural  frequency  of  parts  of  the  apparatus.  If 
there  are  harmonics  present  in  the  measured  phenomenon  which 
in  frequency  are  equal  to  or  greater  than  that  of  any  of  the  parts 
of  the  apparatus,  the  effect  of  the  harmonics  will  be  exaggerated 
or  masked,  depending  on  their  relative  values.  In  general,  for 
satisfactory  results  the  natural  frequency  of  all  parts  of  the  apppa- 
ratus  should  be  at  least  double  that  of  the  highest  harmonic  of 
the  disturbance  under  investigation.  This  may  impose  trouble- 
some limitations  where  the  forces  involved  are  small. 

In  the  measurement  of  displacements  and  pressures  due  to 
impacts  and  explosions  the  question  of  shock  must  be  taken  into 
consideration.  While  not  much  research  work  has  been  done  in 
this  direction,  the  indications  are  that  instruments  can  be  devised 
that  will  give  satisfactory  results  under  conditions  that  do  not 
cause  too  severe  lateral  shocks  to  the  stacks  of  plates.  Longitudi- 
nal shocks  apparently  are  received  without  difficulty,  but  lateral 
shocks  are  more  severe  in  their  effects.  This  was  found  to  be  the 
case  with  a  gauge  designed  for  measuring  pressures  in  guns  when 
fired.  The  gas  pressure  seemingly  had  no  detrimental  effect,  but 
the  whip  of  the  gun  under  recoil  caused  the  stacks  to  shift. 

Bearing  the  foregoing  facts  in  mind,  it  seems  practicable  to 
adapt  the  carbon  resistor  to  a  considerable  number  of  classes  of 
measuring  devices,  including  strain  and  stress  gauges,  pressure 
gauges,  manometers,  accelerometers,  dynamometers,  weighing 
machines,  and  other  devices,  with  satisfactory  results,  especially 
where  remote  reading  or  recording  and  simultaneous  measurements 
at  widely  separated  points  are  desirable  features. 

In  field  work  portability  is  an  important  consideration,  and 
here  the  carbon-resistor  type  of  instrument  has  much  in  its  favor. 
The  12-element  recorder  for  airplane  work  illustrated  in  Figure  2$ 
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is  1 1  %  by  1 2  by  1 7  inches  in  size  and  weighs  when  completely 
equipped  about  40  pounds.  The  6-element  oscillograph  recorder 
shown  in  Figure  25  weighs  60  pounds  and  is  i2>£  by  \2%  by  23 
inches  in  size.  In  addition,  there  are  the  film  holder,  12-volt 
battery,  leads  and  gauges,  all  of  which  can  easily  be  carried  in  a 
light  touring  car. 

VII.  SUMMARY. 

1.  The  development  of  the  carbon  resistor  has  been  carried 
to  a  point  where  a  sufficient  degree  of  accuracy  and  stability 
has  been  obtained  to  make  it  applicable  to  many  kinds  of  engineer- 
ing measurements.  Under  unfavorable  conditions  measurements 
of  stresses,  forces,  and  displacements  can  be  made  with  errors 
not  exceeding  5  per  cent,  while  under  favorable  conditions  measure- 
ments can  be  made  with  errors  not  exceeding  2  per  cent,  and 
with  great  care  the  errors  need  not  exceed  one-half  of  1  per  cent. 

2.  The  carbon-resistor  type  of  instrument  finds  its  greatest 
field  of  application  in  the  measurement  of  vibratory  and  transient 
forces  and  displacements,  because  it  readily  lends  itself  to  photo- 
graphic recording.  It  has  also  the  advantage  that  it  can  be  made 
remote  reading  or  recording,  enabling  simultaneous  measurements 
to  be  made  at  widely  separated  points. 

3.  While  the  greatest  field  of  application  lies  in  the  measure- 
ment of  vibratory  phenomena,  it  finds  also  a  wide  application 
where  steady  values  are  to  be  measured,  as  in  some  kinds  of 
laboratory  testing  where  a  number  of  simultaneous  measurements 
are  to  be  made. 

4.  The  hysteresis  effects  and  erratic  performance  heretofore 
observed  in  connection  with  carbon  resistors  have  been  elim- 
inated by  using  mounting  frames  without  mechanical  joints, 
giving  particular  care  to  preparing  and  mounting  the  disks  and 
keeping  the  stack  always  under  pressure,  only  a  small  part  of  its 
total  pressure-resistance  range  being  utilized. 

5.  The  objectionable  nonlinear  displacement-resistance  char- 
acteristic typical  of  the  carbon  resistor  has  been  efiminated  by 
the  use  of  two  stacks  of  plates  in  each  instrument,  in  one  of  which 
the  resistance  is  increased  and  in  the  other  decreased  through 
the  same  range  of  values.  It  has  been  found  that  this  arrange- 
ment gives  substantially  a  linear  displacement-resistance  char- 
acteristic. 

6.  In  the  measurement  of  vibratory  stresses  it  has  been  found 
that  as  far  as  the  stacks  themselves  are  concerned  the  pressure- 
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resistance  characteristic  may  be  depended  upon  at  rates  of  vibra- 
tion at  least  as  high  as  840  cycles  per  second. 

7.  Applications  so  far  made  include  the  measurement  of  stress 
in  airplane  stay  cables  during  flight,  the  laboratory  testing  of 
structural  members  for  airships  and  bridges,  and  the  measure- 
ment of  stresses  in  steel  bridges  due  to  live  loads.  Application 
has  also  been  made  to  dynamometers  for  testing  brake-lining 
material  and  to  recording  manometers. 

8.  Two  types  of  photographic  recorders  have  been  built,  one 
suitable  for  measuring  vibratory  stresses  up  to  100  cycles  per 
second  and  another  for  stresses  of  low  frequency. 

Washington.  July  16,  1923. 
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